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Abstract 

Determination of the absolute level of the received CW power is one of the 
important measurements required in the evaluation of a spacecraft communica- 
tions system. A new, precise measurement method that compares CW signal power 
with microwave noise power is described. This technique, together with statistical 
methods of data reduction, results in significantly increased accuracy. The overall 
probable error of the measurement was reduced from 0.8 to 0.3 dB defined at the 
receiver input for an antenna receiving system at the JPL Goldstone Deep Space 
Communications Complex. Application of these techniques to Mariner N began 
on June 29, 1965, and was continued after Mars encounter. The theory, equip- 
ment, and method of data acquisition and reduction are described, and results and 
accuracies are discussed. The Mariner IV received power at Mars encounter nor- 
malized for 100% antenna efficiency was -154.2 dBmW, as compared to a theo- 
retically predicted level of - 153.1 dBmW. 
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Precision Power Measurements of Spacecraft CW Signal 

With Microwave Noise Standards 

1. Introduction 

from spacecraft is required in the experimental evalua- 
tion of the communications system of a deep space mis- 

future spacecraft as well as for the evaluation of earth- 
bound receiving stations. A new and improved technique 

Complex (GDSCC), requiring a basis for comparison of 
the results by a normalization process. This report estab- 

antenna gain measurements. The measurements from the 
Goldstone Pioneer and Echo stations (85-ft antennas) of 

The determination Of the cw power level received lishes a basis for comparison and discusses the required 

sion* This measurement is important for the design Of Mariner IV power, at Mars encounter, are averaged and 
with the predicted value. 

- 
of measuring spacecraft power levels that results in sig- 
nificantly reduced errors is described in this report. 

Mariner IV was launched from Cape Kennedy on 
November 28, 1964, on a 228-day mission to Mars. It 
achieved its closest approach to Mars, approximately 
6000 mi, on July 14, 1965, and continues to orbit the sun 
once every 570 days. Calibrations of the Mariner N 
received power by this new method were initiated on 
June 29, 1965, and continued after Mars encounter. The 
theory, equipment, calibrations, data measurement, and 
analysis are described herein. 

The experiment was performed at two independent 
stations at the Goldstone Deep Space Communications 

The computer program is included in Appendix A of 
this report and discussed in Appendix B. The diode cor- 
rection factor is treated in Appendix C. Appendix D is a 
flow chart of the computer program. 

II. Ground Receiving System and DSIF Standard or 
Nominal Method of CW Power Calibrations 

A simplified block diagram of a standard Deep Space 
Network (DSN) receiving system is shown in Fig. 1. 
A convenient measure of the received spacecraft power 
in a ground-tracking station is the receiver AGC voltage, 
which is calibrated for absolute received power, defined 
at the receiver input, with a calibrated test transmitter. 

JPL TECHNICAL REPORT 32-1066 1 



REFERENCE PLANE 
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Fig. 1. Simplified block diagram of a standard 
ground station receiving system 

tice, the nominal probable error may be in excess of this 
figure. 

111. The Noise Power Comparison Method of CW 
Power Measurements 

A. Theory 

The test transmitter signal power can be calibrated 
directly at the receiver input reference plane without 
insertion loss measurement by the Y-factor technique of 
power ratio measurements used in noise temperature cali- 
brations. The method compares the test transmitter CW 
power with the receiving system noise power, which can 
be determined accurately with calibrated microwave 
thermal terminations. The total power, contained in the 
system noise Pn, plus the CW power P,, is compared at 
the output of the receiving system with the system noise 
power alone. The precision'IF attenuator is adjusted for 
equal power levels with the CW power on and off. This 
Y-factor power ratio is given by The power output of the test transmitter is adjusted 

with a precision RF  attenuator. The relative accuracy of 
this adjustment primarily depends on the RF  attenuator. 
The absolute calibration accuracy, however, depends not 
only oh the precision RF  attenuator, but also on the cali- 
bration of the ksertion loss between the RF attenuator 
and the receiver input reference plane. This insertion loss 
measurement is extremely difficult to perform. The trans- 
mission line path includes coaxial switches, coaxial-to- 
waveguide transitions, and a 26-dB waveguide directional 

mitter and receiver input can be calibrated only when 
sufficient station shut-down time is available. 

The noise power, p,, at the detector input, is 
2), as a function of the overall system gain 

follows~ 
( f )  

coupler. The transmission line loss between test trans- Pn = kT8 i * G  (f)  df (2) 

where 

The daily pretracking calibration of a nominal AGC 
curve relates receiver AGC voltage to a nominal signal 
input power defined at the receiver input reference plane. 
Later, typically 1 or 2 h after the determination of this 
AGC curve, the spacecraft signal is acquired by the sta- 
tion and the receiver AGC voltage is noted. The AGC 
curve then yields a nominal value for the spacecraft CW 
power. The AGC curve is also re-evaluated during the 
post-tracking calibrations. 

T, = system's temperature, defined at the receiver 
input reference plane, OK 

k = Boltzmann's constant, ]/OK 

The signal power, P,, observed at the detector input, is 
a function of the input signal power, PZi, defined at the 
receiver input reference plane, and the overall gain G ( f 8 )  

at the signal frequency, fa ,  

The results of a detailed error analysis (see Subsection P, = P*,, G ( f s )  (3) 
IV-B-9) predicted that, with this nominal technique, 
spacecraft power, defined at the receiver reference plane, 
can be measured with an overall probable error of ap- 
proximately 0.8 dB for a single measurement (Ref. 1). 

Substituting Eqs. (2) and (3) into Eq. (l), normalizing 
with 

(4) 
This error of 0.8 dB is the theoretical lower limit of prob- 
able error for the nominal measurement method. In prac- 

G ( f s )  
g( fJ  = 

2 JPL TECHNICAL REPORT 32- 7 066 



where G (fa) is defined as the maximum gain, and defining 
noise bandwidth (Ref. 3) as 

Eq. (7). The probable error PEpsi is 

 PEG^)^ = (%)' (PEy)2 +(%)' 
(5)  

This results in 

Because the detector in the receiving system uses a 
semiconductor diode whose output is a function of input 
signal form factor, a correction term is required in Eq. (6) 
to account for the diode's noise vs CW power sensitivity. 
Therefore, Eq. (6) is rewritten as 

which may be written (Ref. 4) 

(7) 

where 

01 = the diode correction factor 
The probable error ratio, PEy/Y ,  in the Y-factor measure- 
ments, is primarily a function of: 

With measurements of Y, B, T,,  a, and g (f,), the input 
CW power from the test transmitter is calculated from 
Eq. (7). This is used to provide a correction to the nomi- 
nal AGC curve. The calibrated spacecraft power, Psi, is 
lbtained by applying this correction to the measured 
nominal spacecraft power. 

(1) The resetability and nonlinearity of the IF attenu- 
ator and null indicator. These error contributions 
may be written as a: and (u2YdB),, where a, and 
a, are the resetability and linearity constants ob- 
tained from the manufacturer's specification. 

(2) Receiver gain instability. This error contribution 
is (Ref. 5 )  With an antenna efficiency 'I, defined at the receiver 

input, the power incident on the antenna is 
[ii + (31% 

where 

and, with an atmospheric loss L, the incident power out- 
side the earth's atmosphere is 

T = post-detector time constant 

AG - = statistical overall receiver gain ratio 
fluctuations 

where 

z = zenith angle in degrees 
(3) The test transmitter input CW power ratio insta- 

bility A P * , J q ,  during the time of the Yrfactor mea- 
surement (Eq. l). 

Equation (9) is especially useful for 
comparison between stations. 

power measurement 

Thus, 

B. Error Analysis and limitations 

The error in the test transmitter 
calibration can be determined from 

1 
TB (Fy = a: + (u2YaB)2 + - + 

input signal power 
an error analysis of 

JPL TECHNICAL REPORT 32-1066 3 



Figure 2 illustrates the normalized probable error ratio 
PEp;, /C,  versus P:, in dBmW for two values of band- 
width and time constant: 

B,  = 10.0 kHz Ti = 0.1 s 

and for the following parameters: 

PEB/B = 0.0026 dB 

T ,  = 45OK 

k = 1.38054 X J / O K  

AG 
- = 0.005 dB 
6 0  

PETJT,  = 0.008 dB 

P E ,  = 0.1 dB 

g (fa) = 1.0 dB 

a, = 0.003 dB 

az = 0.004 dB 

Figure 2 shows that maximum resolution at low power 
levels is obtained by narrowing the bandwidth and in- 
creasing the post-detector time constant. SuEicient reso- 
lution cannot be obtained at low input power levels with 
the standard DSN station bandwidth of approximately 
1 MHz. Therefore, the addition of a narrow-band filter 
was required for the test-transmitter calibrations. The 
post-detector time constant must be short enough to ren- 
der the effect of system drifts and gain changes, which 
are proportional to elapsed time, negligible during the 
Y-factor measurement. The optimum bandwidth, consist- 
ent with a suitable time constant, the power levels mea- 
sured, and manufacturer's capability, was approximately 
10 kHz for JPL requirements. 

The error terms in Eq. (11) were analyzed in detail 
for each station's instrumentation. Calibration errors of 
the test transmitter are approximately 0.13 dB. Further 
instrumentation errors, common to the DSIF nominal and 

P'., dBmW 

Fig. 2. CW signal power measurement resolution 
vs signal level 

the new noise-calibration methods, resulted in a theo- 
retically predicted overall spacecraft power measure- 
ment probable error of approximately 0.3 dB for a single 
measurement, defined at the receiver input, for a station. 
These common sources of error are AGC curve inaccu- 
racies (measurement scatter), test transmitter attenuation 
nonlinearities, antenna misalignment, and spacecraft AGC 
voltage uncertainties. 

C. Equipment 

The narrow-band filter consists of a temperature- 
regulated crystal filter, an IF amplifier, and a 1-MHz 
bandwidth bandpass filter. This equipment is mounted 
on a standard 19-in. X 4.5-in. panel (Fig. 3). A circuit 
diagram of the panel is presented in Fig. 4. The 1-MHz 
bandpass filter eliminates spurious frequency responses 
outside the normal bandwidth of the crystal filter. The 
narrow-band filter essentially determines the operating 
noise bandwidth of the system. The panel is inserted into 
the standard DSN system, as required, with coaxial cables. 

4 JPL TECHNICAL REPORT 32-1066 



Fig. 3. Filter and amplifier unit 

6-dB 
ATTENUATOR 

INPUT P r-----I 
BANDPASS 

FILTER ' CRYSTAL + 

I I 40-dB BANDWIDTH 

I IF 

AMPLIFIER ---C I-MHz FILTER --$, 

ATTENUATOR 

OUTPUT 

Fig. 4. Block diagram of filter and amplifier unit 

This panel is the only equipment required in addition to 
the standard DSN ground station. Typical narrow-band 
filter specifications are: 

Parameter 

Oven temperature 

Center frequency 

3-dB bandwidth 

50-dB bandwidth 

All responses outside 

Overall dimensions 

+25 kHz 

Specification 

5OoC 

50 MHz 

5 kHz 

25 kHz 

50 dB down 

1.5-in. diam X 2.5-in. height 

D. Calibration 

1. Bandwidth. Filter bandwidth, as defined by Eq. (5), 
was evaluated by measuring gain as a function of fre- 
quency over a sufficient number of data points (Fig. 5). 
The data were integrated numerically on a computer to 
yield total bandwidth. Total filter bandwidth is given by 
(Ref. 4): 

where 

B = bandwidth, Hz 

f i  = frequency of ith data point, Hz 

yz = relative gain corresponding to frequency f i ,  ratio 

n = number of data points 

Several sets of data were taken and an average found for 
each filter. The bandwidth of each station's filter was 
evaluated periodically in this manner over the period 
during which the spacecraft CW power was calibrated. 
Filter bandwidth was not constant with time, but changed 
slowly, probably because of crystal aging. The filter 

Yi+l 

Y i  /c 
i th DATA POINT, 
(n, 4) 

--AREA =AAi 
= I k Y ;  ($+I-$-,) 

f / - I  fi f i+ l  

FREQUENCY H z - b  

Fig. 5. The measurement of bandwidth by 
trapezoidal integration 

JPL TECHNlCAL REPORT 32- 7 066 5 



bandwidths for the period of interest were: (1) P' ioneer 
(DSS 11): 11.455 kHz; and (2) Echo (DSS 12): 9.721 kHz. 

An error analysis of Eq. (13) was performed (Ref. 4).  
If PE, is the probable error in total integrated bandwidth 
in hertz, then 

where 

PE,, = probable error of the ith attenuation reading, 

P E f ,  = probable error of the ith frequency reading, Hz 

ratio 

If P E f i  is considered constant for all data points, then 
Eq. (14) can be expanded as 

11-1 .. - 
In10 

i = 2  

In10 + [a: + (a2Yn)2-J (& (fn - fn-1)' Y: 

12-1 

i = 2  

(15) 
where 

a, and a, = the attenuator constants referred to above 

Yi = yi in decibel 

PE,/B = the normalized bandwidth probable error 

Equations (13) and (15) were programmed in Fortran 
and the bandwidth data reduced by computer. The aver- 
age probable error in B for the sources of error in- 
vestigated was 25 Hz, which contributes approximately 
0.01 dB to the test transmitter calibration error. 

2. Diode detector correction factor. 

a. Method and equipment. Since the output of the de- 
tector shown in Fig. l (a solid-state germanium diode 
1N198) is affected by the signal form factor, an evalua- 

6 

tion of the diode noise versus CW power sensitivity was 
required (Ref. 6). The correction factor a (see Eq. 7) 
was determined by comparison of Y-factors, Y ,  and Y,, 
measured with the diode and a true rms detector, respec- 
tively, at the same signal-to-noise ratio. 

The overall equivalent noise bandwidths with the rms 
detector and the diode had to be equalized to obtain 
meaningful results. The rms detector was a standard 
thermistor power meter which, compared with the diode, 
required a relatively high-input power level for an accu- 
rate readout. This high-noise power requirement called 
for an equalization of diode and power meter bandwidths, 
as well as equal shape factors, over a large dynamic range. 
Because, in practice, this is extremely difficult to achieve, 
the method adopted was to approximate equal band- 
widths, accurately evaluate them over a sufficiently wide 
range of frequencies and attenuations, and apply a cor- 
rection factor. 

A block diagram of the Y-factor comparison test sys- 
tem is presented in Fig. 6. A low-pass filter was required 
in the power meter circuit to limit the bandwidth. The 
input could be switched between a signal generator at the 
RF  frequency, 2295 MHz, and a matched termination. 
The term G, is the gain provided by a chain of wide-band 
transistor amplifiers centered at the IF frequency, A is the 
attenuation provided by a precision IF attenuator, and 
the narrow-band filter is that mentioned in the introduc- 
tion to Subsection 111-C. The amplifier chain G,, resis- 
tively terminated on the input, provided the noise power. 
First, a Y-factor was measured with the diode as the 
detector; the same Y-factor was then measured with the 
power meter as the detector. A large number of Y-factors 
were measured with signal-to-noise ratios in the range 

LOCAL 
OSCILLATOR 

Fig. 6. Block diagram for diode sensitivity evaluation 
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1 to 30 dB. The measurements were repeated for different 
diode bias levels. 

However, since 

l w g d  ( f )  df = overall equivalent noise bandwidth 
b. Theory. With the gain notation shown in Fig. 6, the 

diode and rms detector Y-factors can be defined as 
(Ref. 6):  and 

with diode 

Y a = l +  P:i G d  (f s) 
(16) i m g ,  ( f )  df = overall equivalent noise bandwidth 

akTSlwGa ( f )  df with power meter 

where 

a = diode correction factor, ratio 

P*,, = input power, W 

f ,  = signal frequency, Hz 

T ,  = system temperature, OK 

Solving Eqs. (16) and (17) for CY gives: 

The ratios b = B,/Bd and g = gd (f,) / g p  (f,) were evalu- 
ated by measuring Bp and B d  over a sufficiently wide range 
of frequencies and attenuations. Equation (22) was then 
written as 

a(dB) = 10log,o (Y"-l - gab) 
Y d  - 1 

c. Error analysts. An error analysis of Eq. (23) was per- 
formed (Ref. 6)  

Equation (18) may be normalized with the following two 
sets of equations: 

Y, (dB) = 10 log,, Y, 

and 

Equation (24) may be written as 
and 

where the subscript 0 refers to the point of maximum 
gain. After normalization with Eqs. (19) and (20), Eq. (18) 
yields Equations (23) and (25) were programmed in Fortran 

and the data reduced by computer. The diode correction 
factor, a, was evaluated for each station with various 
signal-to-noise ratios and was essentially constant for the 
signal-to-noise ratios of interest (greater than 10 dB). 

y, - 1 gd(fs) C Y * - -  (21) 

JPL TECHNICAL REPORT 32-1066 7 



A theoretical analysis that verified these results is dis- 
cussed in Appendix c. The correction factor was different 
for each diode and was sensitive to ambient temperature 
and signal level. The corrections for the Pioneer and 
Echo stations were 0.41 and 0.44 dB, respectively. The 
error analysis indicated that 01 was determined with an 
accuracy that contributed an error of less than 0.1 dB to 
the test transmitter calibration error. 

3. Antenna efficiency. 

a. Theory and method. To compare the CW-received 
signal level at different stations, antenna efficiency must 
be taken into account. Antenna gain was measured at 
each station using radio star tracks over an extended 

ments to the antenna input. Figure 7 shows the format 
used to record the information at each station. Data taken 
by the Echo station on August 13, 1965, on Omega, are 
presented. 

Equation (26) yields antenna efficiency, assuming no 
atmospheric loss. The measured radio source temperature 
T’, assuming a flat earth, is related to the assumed source 
temperature, T,  by 

T’ = T (27) 

where 

L,, = atmospheric loss at zenith, ratio. 

period of time, typically 3 or 4 weeks. A Y-factor method 
of evaluating radio source temperature was chosen be- 

The zenith angle is given by 
- - 

cause a simple, quick test was required, which would not 
interrupt normal station operation to any great extent. 

Antenna efficiency is given by (Ref. 4) : 

Measured source temperature ’ = Assumed source temperature 

cos z = sin 4 sin 8 + cos 9 cos8 cos h (28) 

where 

4 = latitude of antenna 

8 = radio source declination 

la = radio source hour angle 

To + Tr 
(26) Equations (26) through (28) were programmed in Fortran 

and the data reduced by computer. Table 1 shows the 
computer output format for a typical station on Omega. 
Because measurements taken on any one night were 

to evaluate ahospheric loss correctly, an 
average estimated value was chosen and the data were 
reduced using this value. Three columns of data are 

= (7) (6 - k) 
where 

q = relative antenna efficiency defined at the receiver 
input reference plane, ratio 

To = temperature of ambient load, O K  - 
shown in Table 1 for each of the three assumed values 
of L,. The best value is probably L, = 0.05 dB; the other 
two values were considered limiting cases. For each 

T ,  = receiver effective noise temperature defined at the 
receiver input reference plane, O K  

Y, = Y-factor, switching receiver input between am- 
bient load and antenna on the radio source, ratio 

Y, = Y-factor, switching receiver input between am- 
bient load and antenna off the radio source, ratio 

Two radio sources, Omega and Taurus A (assumed tem- 
peratures of 99 and 13Z°K, respectively) were chosen, 
and each station tracked these sources almost nightly for 
several weeks. To refer antenna efficiency to the antenna 

T = assumed source temperature, O K  assumed value of Lo and for each set of measurement 
data, an atmospheric loss in decibels corresponding to 
the associated zenith angle has been calculated and is 
shown under the heading L, dB. The other two columns, 
T and Nu,  list the measured source temperature ( O K )  and 
antenna efficiency (%) for each corresponding zenith 
angle. The average efficiency, and standard deviation, for 
each assumed value of L,, were calculated and are shown 
at the bottom of Table 1. 

Table 2 presents a summary of all the data. The aver- - 
input, it would be necessary to measure and account for 
the transmission line losses between the antenna and the 
maser input. However, for purposes of this report, where 
spacecraft power is also measured and defined at the 
maser input, Eq. (26) results in the proper antenna effi- 
ciency for transforming the spacecraft power measure- 

age antenna efficiency and standard deviation are shown 
for each station on each source. The best estimate for 
antenna efficiency is the average of the measurements 
from Omega and Taurus A for an assumed atmospheric 
loss at zenith of 0.05 dB. The results are: Pioneer station, 
50.0%; and Echo station, 56.2%. 
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STATION: 12 DATE: 13 AUGUST 1965 

1 

2 

3 

4 

5 

1. Track source: OMEGA 

2. Boresight 

3. While tracking source switch between ambient load and antenna: 

Y, (on source): 1. 4.65 db 2. 4.64 db 3. 4.65 db 4. 4.64db 5. 4.64db 

4. Antenna off source about 3 deg. Switch between ambient load and antenna: 

Y, (off source): 6. 7.86 db 7. 7.86 db 8. 7.87 db 9. 7.86 db 10. 7.85 db 

074308 045.744 343.848 

074340 045.878 343.848 

074407 045.990 343.848 

074431 046.094 343.848 

074500 046.21 4 343.848 

5. Temperature on ambient load = 27.8OC 

6 

7 

8 

9 

10 

I ON SOURCE 

074629 043.574 343.848 

074702 043.708 343.848 

074729 043.820 343.848 

074753 043.91 8 343.848 

074829 044.068 343.848 

Tn; I Hour I Declination pomt angle 

OFF SOURCE 

Declination point Data 1 GMT I angle Hour I 

I I I 

Y, average = 4.644 db = 2.91 34 ratio 

Y, average = 7.860 db = 6.1 094 ratio 

= 56.59% 
273.18 4- 27.8 4- 11 

99 r ) =  

Fig. 7. Radio source measurements 
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Table 1. Antenna system efficiency measurements” at station 1 1 source Omega 

Zenith 
angle, 

de9 

52.895 
60.205 
72.068 
57.230 
60.334 
58.312 
59.215 
52.918 
53.073 
66.112 
51.608 
6t.742 
57.675 
59.884 
56.363 
68.526 

Date 
1, dB 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Ln=OdB I b = 0.05 dB 

T, O K  N,, % 11, dB rz, OK 

49.850 
48.739 
49.876 
54.900 
54.1 26 
50.598 
49.521 
50.762 
50.837 
51.027 
50.988 
49.669 
50.939 
49.824 
50.049 
50.488 

NazI % 

50.35 
49.23 
50.38 
55.45 
54.67 
51.10 
50.02 
51.27 
51.35 
51.54 

’ 51.50 
50.1 7 
51.45 
50.32 
50.55 
50.99 

Hour 
angle, 

de9 

12.8 
32.9 
53.2 
26.3 
33.2 
28.9 
30.9 
13.0 
13.6 
43.8 

4.0 
35.9 
27.4 
32.3 
24.2 
47.7 

L2,dB 

48.907 49.40 
0.20 
0.32 
0.18 
0.20 
0.19 
0.19 
0.16 
0.16 
0.24 
0.16 
0.2 1 
0.18 
0.19 
0.18 
0.27 

7-5-65 
7-10-65 
7-20-65 
7-2 1-65 
7-2 1-65 

8-3-65 
8-5-65 
8-5-65 
8-6-65 
8-6-65 
8-6-65 
8-6-65 
8-6-65 
8-7-65 
8-8-65 
8-9-65 

48.46 
47.00 
46.75 
53.14 
52.1 8 
48.91 
47.82 
49.35 
49.4 1 
48.69 
49.62 
47.78 
49.28 
48.07 
48.49 
47.88 

0.08 
0.10 
0.16 
0.09 
0.10 
0.09 
0.09 
0.08 
0.08 
0.12 
0.08 
0.10 
0.09 
0.09 
0.09 
0.13 

47.623 
48.046 
53.745 
52.881 
49.501 
48.420 
49.802 
49.872 
49.597 
50.051 
48.475 
49.854 
48.694 
49.01 9 
48.925 

48.10 
48.53 
54.28 
53.41 
50.00 
48.90 
50.30 
50.37 
50.09 
50.55 
48.96 
50.35 
49.18 
49.51 
49.41 

48.932 
1.633 

50.089 
1.585 

Efficiency averages, Yo 
Standard deviations, Yo 

_. 

%tation latitude: 35.281533 deg 
Theoretical source temperature = 99OK 

b. Error analysk. If PE, is the probable error of the 
antenna efficiency, then, from Eq. (26), 

The power ratio Y, is given by 

To + T ,  - To + T ,  Y -  - 
- T,, + T’ T8.s 

where 

T’ = measured radio source temperature, O K  

T,, = system effective noise temperature, defined at 
the receiver input reference plane, with the an- 
tenna on a radio source, OK 

The power ratio Y, is given by The probable error of the measurement of Y, is given by r+y = r*y + sB 1 + (c) AG + (a,), + [azYl (dB)I2 

where (33) 

The Y-factor measurement accuracies in terms of known 
parameters are given by Eqs. (31) and (33). Error terms, 
such as PET, and PET,, do not enter these equations 
because any change in ambient temperature or receiver 
noise temperature while the Y-factor is being measured 
will be small and may, therefore, be neglected. In Eq. (31), 
PET8,/TSa is also negligibly small during the Y-factor mea- 
surement. The error term, PET,8/T,,, arises from an 
antenna boresight and tracking error on the radio source. 
This error term was analyzed and an expression found 
for PETa8 (Ref. 4) .  Equations (29), (31), and (33) are the 

T,, = system effective noise temperature, defined at 
the receiver input reference plane, with the 
radio sonrce outside the antenna beam, OK 

If PE,, is the probable error of the measurement of Y,, 
then 
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b = O d B  

tl, % (I, % 
Source Station - 

11 48.93 1.63 
12 54.2 1 0.87 
11 49.00 0.65 
12 58.99 0.59 

Omega 

Taurus A 

defining equations for the probable error of the measure- 
ment of antenna efficiency. These equations have been 
programmed in Fortran and the data reduced by com- 
puter. It was found that, assuming T is known, the an- 
tenna efficiency can be measured with a probable error 
of 0.007. This error contributes an additional 0.05 dB to 
the incident power measurement error if antenna effi- 
ciency is taken into account. 

b = 0.05 $0 b = 0.1 d0 

IIr % u. % tl, % (I, % 

50.09 1.59 51.28 1.57 
55.56 1.07 56.94 1.37 
49.82 0.62 50.66 0.61 
56.8 1 0.74 57.65 0.92 

The total probable error of the determination of an- 
tenna &ciency is made up of the measurement probable 
error previously mentioned, a term which takes into ac- 
count the uncertainty in the knowledge cif the assumed 
radio source temperature, T ,  and the bias errors in the 
antenna gain measurement. The term, which takes into 
account both bias and the uncertainty in the knowledge 
of T ,  was estimated as 0.2 dB. Combining these error 
terms yields the value 0.40 dB for PE,. 

4. Step-attenuator correction. The precision RF attenu- 
ator shown in Fig. 1 consists of both step and variable 
attenuators. If the step attenuator is changed at any time 
during the AGC curve calibration, it is necessary to cor- 
rect for step-attenuator errors. Normal station procedure 
is to change the step attenuator at predetermined signal 
generator levels. The steps used were calibrated as a sep- 
arate experiment. The radiometer system was used as 
the calibration equipment, and careful attention was 
given to linearity, signal level, and saturation. The two 
switching steps normally used at each station were cali- 
brated over a period of several weeks. The data were 
averaged to yield correction factors SA1 and SA2, which 
then formed part of the constant station input data. There 
does not appear to be any advantage in providing for a 
step attenuator for the AGC calibration, since the variable 
attenuator has sdc ien t  dynamic range. 

E. Measurements 

1. System temperature. 

a. The0l.y and measurement. CW power calibrations 
were carried out over an extended period of time on 

Marimr ZV. Because these calibrations were made at two 
stations, it was important, for comparative purposes, that 
both stations use the same method of system temperature 
measurement. Among other constraints on the measure- 
ment of system temperature were: (1) the requirement 
for reliability and repeatability, as the experiments con- 
tinued over an extended period of time, and (2) the need 
for a quick and simple method, because of the limited 
time available during the pretracking routine. Because 
of these constraints, a Y-factor method was chosen. An 
ambient load was chosen because it met the requirements 
of reliability and stability; an ambient load is convenient 
from an operational point of view, and is sufficiently accu- 
rate for these measurements. Switching the maser input 
between the antenna at zenith and the ambient load 
yielded the Y-factor, Ya0. Each station measured five 
Y-factors daily during the pretracking routine and just 
prior to the CW power calibration. An average system 
temperature for each station was computed each day from 
these measurements. This method requires a .knowledge 
of the thermal temperature of the termination. The ther- 
mal temperature of the ambient load, T,,, which can 
easily be determined with sufficient accuracy, was read 
on a mercury thermometer inserted in a massive copper 
block surrounding the waveguide termination. 

The receiver temperature, T ,  (approximately 1O0K), 
was measured with precision cryogenic terminations and 
was assumed to be constant throughout the experiment. 
The long-term stability of the receiver noise temperature 
was better than that of the coaxial cryogenic termination 
available in the system. 

b. Error analysis. System temperature, defined at the 
receiver input reference flange, was computed from 

(34) 

An error analysis of this equation has been performed 
(Ref. 4). If the system’s temperature probable error is 
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PET,, then is a ratio and is the required error term (item 3). There- 
fore, the probable error ratio 

The probable error ratio PEyao/Yao, in the Y-factor mea- 
surements, is a function of: 

(1) The attenuator resetability and linearity constants, 
a, and a,, defined above. 

(2) Receiver gain instability, 

(3) An error term caused by the measurement scatter 
on the Y-factors. 

The term in item (3) is derived as follows: 

If the measured Y-factors are Yaoi (nB), i = 1, . . . ,5, 
then the average Y-factor is 

N' 

i=1 

where 

N ' =  5 

The probable error of the average Y-factor is 

(37) 

All the Y-factors in Eqs. (36) and (37) have units of deci- 
bels. The error term (item 3) is then given by the prob- 
able error ratio derived from Eq. (37): 

where 

in Eq. (35) is given by 

PE, AG 

+ (%J (39) 

If the temperature of the termination is considered 
variable and written T ,  instead of To, then a graph of 
Eq. (35) may be drawn. This is shown in Fig. 8 where 
normalized system temperature probable error is drawn 
as a function of termination temperature for different 
values of receiver temperature probable error. The fol- 
lowing values have been used for the various parameters: 

AG - = 0.005 dB 
1 
TB Go 
-= 1 0 - 5  

a, = 0.003 dB a, = 0.00354 dB 

The more accurate the evaluation of the receiver tem- 
perature, the more accurate will be the system tempera- 
ture measured by this method. The probable errors in 
the receiver temperature used in Fig. 8, 1 and 0.2OK, 
are typical of the present DSN systems and a receiver 
system evaluated with well-calibrated waveguide termi- 
nations, respectively. The importance of the accuracy of 
the evaluation of receiver temperature diminishes with 
higher temperature termination standards. The ambient 
temperature termination for the present experiment ap- 
pears to be a reasonable choice. 

c. Results and discushns. Low maintenance time and 
low operating cost are the practical advantages that an 
ambient temperature termination has over a cryogenic 
termination. The ambient termination also simplifies the 
problem of determining the equivalent noise temperature 
of the termination defined at the receiver input reference 
plane. The use of an ambient termination for routine 
system temperature measurements does not reduce the 
importance of a well-calibrated cryogenic termination. 
The cryogenic termination can be used periodically to 
re-evaluate the receiver temperature and to perform other 
measurements, such as absolute antenna temperature 
measurements. 
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W 

LOAD TEMPERATURE, O K  

Fig. 8. System temperature probable error vs load temperature 

Table 3 presents a summary of system temperature 
measurements for the Pioneer and Echo stations during 
the period Mariner IV CW power was calibrated by 
microwave thermal standards. The nominal method refers 
to the system temperature measurements by the normal 
station procedures and reported to the Space Flight Oper- 
ations Facility (SFOF). Figure 9 illustrates system tem- 
perature vs time for the two stations. The solid lines 
connect the data points derived by the ambient termina- 
tion Y-factor method, and the dotted lines correspond to 
the nominal station data. The averages from Table 3 are 
also shown. It should be noted that the system tempera- 
ture measurements by the ambient termination Y-factor 
method were made through the narrow-band filter. The 
resolution would be considerably improved if this narrow- 
band filter were not used. For example, at the Mars 
station, where system temperature is measured by an 
ambient termination Y-factor method without narrow- 
band filter, the 1 a of one month's data was 0.12OK after 
adjustment for equalizing the number of data points 
(Ref. 7 ) .  However, even with the narrow-band filter, the 

1 a of the measurement data were considerably reduced 
over that of the nominal data. Furthermore, by compari- 
son, the mean noise temperatures between stations appear 
more consistent. 

The probable error of the daily system temperature 
measurements was 0.3OK, a contribution of approximately 
a 0.03-dB error to the test transmitter calibration. 

2. The AGC curues. The calibration power ratio 
Y-factors were taken by switching the test transmitter on 
and off. These measurements were performed daily at 
five separate power levels from -110 to -130 dBmW. 
These ratios were used with Eq. (7) to obtain calibrated 
levels of the test transmitters. The test transmitter power 
level for these points was chosen so that it covered as 
wide a power range as possible. The calibration range 
was limited by receiver nonlinearity at high-power levels 
and loss of signal in the noise at low-power levels. Lin- 
earity over the calibration range was carefully checked 
at each station (Ref. 8). 

The power range covered by the nominal AGC curve 
was normally -110 dBmW down to receiver threshold. 
Figure 10 shows calibrated and nominal AGC curves for 

Table 3. System temperature measurements 
at stations 11 and 12 

Y-factor method Nominal DSIF method the Pioneer station for July 16, 1965. The average of the 
individual differences between the calibrated and nom- 

brated spacecraft power. A statistical second-order curve 
44.8 0.55 41.3 0.99 was fitted to each day's nominal AGC curve data by a 
43.6 1.18 48.3 2.60 least-squares computer method. The constants that define 

deviation, inal CW powers yields the correction factor for the cali- 
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27 30 3 6 9 12 15 21 24 2 

JUNE 1965 JULY 1965 

Fig. 9. System temperature measurements at the Pioneer and Echo stations 

this curve, and their probable errors, were computed each 
day and used in the data reduction. The probable error 
caused by measurement scatter in the AGC curve was 
typically 0.05 dB. This curve, with the spacecraft AGC 
voltage, yielded the required power levels. 

The computer technique virtually eliminates the error 
normally caused by the graphical conversion of receiver 
AGC voltage to spacecraft power. The primary error in 
extrapolating the correction factor to the spacecraft AGC 
reading is dependent on the test transmitter attenuator, 
and is approximated by 

b [ 10 loglo ($)I 
where b is the test transmitter attenuator nonlinearity. 
The multiplying factor is the ratio, converted to decibels, 
of test transmitter input signal power defined at the 
receiver input reference plane to the spacecraft signal 
power defined at the receiver input reference plane. This 
error was typically 0.2 dB and contributed directly to 
the error of the spacecraft-calibrated power. 

14 

3. Atmospheric attenuation. To compare the calibrated 
power levels (normalized for 100% antenna efficiency) 
between stations, it is also necessary to account for atmos- 
pheric attenuation, which is a function of zenith angle. 
The relationship with a flat earth approximation is 

where P’,i and Pyi are defined in Eqs. (8) and (9). The 
zenith angle and receiver AGC voltages are recorded 
simultaneously. 

a. Error analysis. The analysis of Eq. (40) yields the 
additional uncertainty caused by the atmospheric attenu- 
ation correction: 
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Fig. 10. Nominal and calibrated AGC curves for the Pioneer station, July 14,1965 

Equation (41) may be written as: 

where the term 

has been ignored because the inaccuracy associated with 
the measurement of zenith angle was generally negligible 
compared with the inaccuracies associated with P& 
and Lo. 

Therefore, the additional error of the atmospheric cor- 
rection is 

(?)*secz 

which is less than 0.1 dB for spacecraft zenith angles 
<70 deg, if PEL, is taken as 0.01 dB. 

IV. Data Reduction 

A general description of the data reduction method 
which was automated with computer techniques is pre- 
sented in this section. The computer program is listed 
in Appendix A and discussed in Appendix B. 

A. Methods of Reduction 

1. Computer input. The computer input consists of 
station constants and preliminary information, such as 
date, time, ambient temperature, and measurement data. 

2. System temperature. The system temperature is com- 
puted from Eqs. (34) and (36), and system temperature 
probable error is computed from Eqs. (35) and (39). 
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3. The calibrated AGC curve. The computed value of 
system temperature is used in Eq. (7) to determine the 
five calibrated test transmitter power levels which define 
the calibrated AGC curve. 

4. The correction factor. The nominal and calibrated 
test transmitter power levels yield the correction factor 
COR, which is the average difference between these 
levels. The variance of the scatter of the values of COR 
is computed. 

5. The nominal AGC curve. To compute probable 
errors correctly from a curve fitted to the nominal AGC 
data, it is convenient to translate the Y-axis (power axis) 
to the AGC voltage at which power is to be calibrated. 
If only one reading of receiver AGC voltage on the space- 
craft is obtained in a day, then the Y-axis is translated to 
that point. If several AGC voltage readings on the space- 
craft are obtained, then the Y-axis is translated to the 
average of these voltages. AGC voltage data on the 
spacecraft are designated GNAGC. The program deter- 
mines the number NN of GNAGC data points and com- 
putes their average which is designated A3. After the 
transformation of the Y-axis to the appropriate point, the 
program calls the subroutine FITAB. This subroutine fits 
the best second-order curve by a least-squares method 
to the nominal AGC data from i = 6 to i = N ,  where N 
is the total number of nominal AGC curve data points. 
The first five data points are the high-power calibration 
points. These points are ignored by the subroutine FITA2 
because it is desirabIe to curve-fit in the region of the 
spacecraft AGC readings, which correspond to low-power 
data down to receiver threshold. 

The subroutine FITAB also determines the constants 
A,, B1,  and C ,  of the best-fit curve 

Y = A, + B,x + C1x2 (43) 

and the probable errors of A,, B,, C, ,  and the individual 
data points Y,. 

6. Nonhal AGC curve deviations. The deviation of 
each nominal AGC data point, from i = 6 to i = N ,  from 
the corresponding voltage point on the computed curve, 
Eq. (43), is computed and printed in the output. 

7. Nominal and calibrated spacecraft power levels. The 
nominal value of received spacecraft power is given by 
the constant A, in Eq. (43), because the Y-axis was trans- 
formed to the point on the calibrated value of received 
spacecraft power Psi ,  and is found by applying the cor- 
rection factor COR, to the nominal power A,. 

8. Probable error of the calibration of the test trans- 
mitter. The probable error of the calibration of the test 
transmitter level (microwave thermal standards method) 
is computed by Eq. (11). This does not include the error 
caused by the scatter of the individual correction factors. 
When these individual correction factors are averaged, 
they yield the term COR. When the scatter term PEGOR 
is added to Eq. (ll), the result is the final calibration 
probable error of the test transmitter level. This is defined 
E5 as a ratio, or as EC5 in decibels. 

PE,  

The term PE,, , /COR is given by Eqs. (58) and (59) in 
Appendix B. 

9. Probable error of the nominal spacecraft power. The 
nominal AGC curve is given by Eq. (43): 

Y = A, + B,x + C,xs 

Nominal spacecraft power is given by this equation when 
n: = 0, i.e., 

Nominal Spacecraft Power = A, (45) 

To determine the probable error of the nominal space- 
craft power, an error analysis is performed on Eq. (43) 
as follows: 

== (PEA,)2 + (PEB,)’P + (PEc,)’2x4 

+ ( P E J 2  ( B ,  + ~ C , X ) ~  (46) 

where E10 is the probable error of the nominal space- 
craft power in decibels. The value of E10 corresponding 
to a nominal spacecraft power equal to A, is given by 
Eq. (46) when x = 0. 

PEA, and B ,  are determined from the subroutine FITA2. 
PE, is computed as follows. 

In the original system of coordinates, 

GNAGCi,i = 1 . . . N N  
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are the receiver AGC voltage data on the spacecraft. The 
power axis was transformed to the point 

NN 

A, = &E G N A G C i  (48) 
I = 1  

Then, 
N N  

PEA, is substituted for PE, in Eq. (47). 

Some other error terms must be added to Eq. (47) 
before it adequately describes the probable error of the 
nominal spacecraft power. These additional terms are: 

a, = Receiving system nonlinearity, RF to IF. 

a4 = Nonlinearity and calibration of the variable 
attenuator in the test transmitter. 

as = Calibration of the step attenuator in the test 
transmitter . 

a, = AGC voltage indicator jitter. 

a, = Antenna-to-spacecraft pointing error. 

P E T T O  = Probable error of the test transmitter calibra- 
tion (nominal method). 

These terms are summarized by the expression: 

[ j ,  (ai)'] + ( P E ~ C ) '  = (PEse? + ( p ~ T T c ) z  

where PES,  = the effective probable error ratio arising 
from the summation of the error terms a, through a,. 

The complete defining equation of the probable error 
of the nominal spacecraft power, defined at the receiver 
reference flange, is 

which may be written as 

(E10)' = (E7)2 + ( P E ~ c ) ~  

where 

(E7)' = (PE,,)r + (PEA,)' (B1)' + (PEse)*  (52) 

The term E7 represents the summation of all error con- 
tributions common to both the microwave thermal stan- 
dards method and the nominal method. 

10. Probable error of the calibrated spacecraft power. 
The probable error of the calibrated spacecraft power is 
given by summing the common error contributions, E7, 
and the errors caused by the calibration of the test trans- 
mitter by the microwave thermal standards method, E5. 
The probable error of the calibrated spacecraft power 
defined at the receiver reference flange is then 

(E8)' = (E7)' + (E5)2 (53) 

11. Spacecraft power normalized for 100% antenna 
efficiency. The calibrated spacecraft power is normalized 
for 100% antenna efficiency. Equation (8) is the normaliz- 
ing equation: 

P, i p ' .  == - 
S Z  

1? 

where 

P:i = power incident on the antenna 

Psi = calibrated spacecraft power defined at the re- 

7 = antenna aciency defined at the receiver input 

ceiver input reference plane 

reference plane 

12. Spacecraft power corrected for atmospheric loss. 
The calibrated spacecraft signal power that would be 
incident on the antenna with atmospheric loss removed 
is given by Eq. (9) as follows: 

where 

Lo = atmospheric loss at zenith 

x = zenith angle 

13. Zncident power. With NN values of receiver AGC 
voltage on the spacecraft in a day, the data reduction 
program computes NN values of: (1) nominal spacecraft 
power; (2) calibrated spacecraft power; (3) calibrated and 
normalized spacecraft power; and (4) spacecraft power, 
calibrated, normalized, and corrected for atmospheric 
loss. 

The requirement now is to determine the best estimate 
of received spacecraft power. The receiver AGC voltages 
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on the spacecraft, GNAGC, in one track, will vary for 
several reasons. For example, receiver gain may change 
during the track, zenith angle (atmospheric attenuation) 
will change, spacecraft orientation may change, etc. The 
longer the time delay between the evaluation of the 
correction factor, COR, during the station pretracking 
routine and the measurement of the GNAGC voltages on 
the spacecraft, the less accurate the final result. This prob- 
lem can be partially avoided by taking atmospheric loss 
into account and by fitting a curve to the observed data 
and extrapolating to zero normalized time, i.e., determin- 
ing a value for received spacecraft power at the calibra- 
tion time. A straight line 

Y, = A, + B,r 

is fitted to these data by a least-squares method with a 
weighting factor w, where 

(54) 

zenith angle and is a measure of the scatter of the data 
about the line Y, = A, + B,x, and (2) a part which is not 
a function of zenith angle but is associated with the uncer- 
tainty in the determination of COR, the power correction 
factor, and the antenna normalization. The only term in 
Eq. (55) that is a function of zenith angle is 

This term may, therefore, be used as a weighting factor 
in the straight-line analysis to reduce the effect of those 
less accurate measurements taken at high zenith. angles. 
Hence, the weighting factor is given by 

w = [(2) sec.]. 

Y, = incident power The straight-line analysis (subroutine FIT1) yields the 
constants A,, B,, and the probable error of A,, PEA,. If 
insecient data points are available to perform a statis- 
tical first-order analysis ( N N  L 2), the first data point is 
defined as A, and its probable error as [ (PEL,/L,)  sec 21. 

of the incident power, 

x = normalized time of measurement 

A,, B ,  = straight-line constants from the statistical 
analysis 

This line is extrapolated to the calibration time and the 
best estimate of received spacecraft power is given by A,. 

The term ~9 is the probable 
and is given by the sum of the following terms: 

The defining equations are suf€iciently general so that 
it is immaterial whether it is a precalibration or a post- 
calibration. 

14. Probable error of the incident power. From Eq. (9), 
which corrects received power for atmospheric loss, 

The inaccuracy in the measurement of zenith angle is 
generally negligible compared with the inaccuracies asso- 
ciated with the terms Lo and Pic. The term containing 
PE,, , ,  is therefore ignored, and the error equation is 
written 

(1) Probable error of the calibrated spacecraft power 
level E8 (Eq. 53). 

(2) Probable error of the incident power caused by the 
scatter of the data points about the straight line, 

(3) Probable error of the antenna efficiency PE,, given 
by Eqs. (29), (31), and (33). 

(4) The above three equations define PE,  with the 
assumption that T ,  the assumed radio source tem- 
perature, is exact. Therefore, a term that takes 
account of the uncertainty in the knowledge of T 
must be added. 

PEA,. 

(5) Bias errors in the antenna gain measurement. 

Hence, 

A probable error is associated with each of the NN com- 
puted data points for the first-order analysis. This prob- 
able error is made up of (1) a part which is a function of 

where 0.0085 is a squared ratio and represents the bias 
errors in the antenna gain measurement, estimated as 
0.4 dB. 
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15. Incident power density. The spacecraft incident 
power, Py. ,  is defined as A,. The incident power density 
is then computed in terms of antenna aperture A, from 
P:/A. Received power density should be calculated 
because it enables comparisons between different stations 
which track the same spacecraft, but which have different 
antenna diameters. 

B. Discussion 

A block diagram of the error analysis is shown in 
Fig. 11. The diagram is divided into three sections: (1) the 
first section shows the important errors arising in the 

microwave thermal standards method, (2) the middle 
section shows the errors common to both methods, and 
(3) the third section shows the errors arising from the 
nominal calibration method. The diagram, as a whole, 
shows the interrelationship of the various errors and sum- 
marizes the overall error analysis. 

In Fig. 11, the errors are shown in the rectangular 
blocks. Each block has a numerical value of the errors 
described in that block. These values are either kver- 
age computed errors in decibels, or estimated errors in 
decibels. Thus, EC2, the probable error of the computed 
system temperature (see Nomenclature and Subsection 

NOISE CALIBRATION 

PETr EC I PET0 
0.0 I I 0.03 0.001 

EC2 EC3 PEa PEE PEg (fsl 
0.036 0.08 0.10 0.01 0.01 

I 
I COMMON DSlF NOMINAL 

PETTC j4'/ 

0.8 
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111-E-l), has an average computed value of 0.036 dB. The 
probable error of the system temperature, EC2, is com- 
puted by Eq. (35) which combines the errors caused by 
the uncertainty in the measurement of receiver tempera- 
ture PETr, the uncertainty in the determination of the 
ambient temperature PET,, and the measurement errors 
associated with the system temperature Y-factors. These 
latter errors are designated EC1. Equation (35) combines 
these errors with multiplying factors on PETr and PET,. 
The magnitude of the error in decibels, as shown in each 
of the blocks, includes the effect of any multiplying factor 
which may be associated with the error term in a com- 
bining equation. 

Similarly, Eq. (11) combines five error terms shown in 
Fig. 11 to yield EC4. Then, with the addition of a term 
which takes into account the measurement scatter of data 
points, the probable error of the calibration of the test 
transmitter by the microwave thermal standards method 
is found. This is designated EC5. 

The sum of the errors common to both methods is EC7. 
As shown in Fig. 11, this sum is combined with EC5 in 
Eq. (53) to yield EC8, the probable error of the cali- 
brated spacecraft power by the microwave thermal stan- 
dards method. This sum is combined with PET,, in 
Eqs. (50) and (51) to yield the probable error of the 
spacecraft power by the nominal method. These errors 
are 0.3 and 0.8 dB, respectively. 

The probable error of the incident power, E9, is com- 
puted by Eq. (57), which combines the three error terms 
shown in the figure. The average incident power prob- 
able error is 0.37 dB. 

V. Results and Conclusions 
The data reduction, including the error analysis, is 

computed for each day's tracking at each station. The 
computer printout for the Pioneer station for the day 
of encounter (July 14,1965) is shown in Fig. 12. Figure 13 
shows the computer printout for the Mars station 
(DSS 14, 210-ft antenna) for May 21, 1966. Input data, 
consisting of station constants and measurements, are 
printed out on the upper portion, while computed out- 
puts are listed below. The Pioneer and Echo stations 
measured only one spacecraft CW power per day and, 
therefore, only one AGC voltage data point is shown in 
Fig. 12 under SIGNAL AGC. On May 21,1966, the Mars 
station measured 21 signal AGC data points, and a &st- 
order statistical curve was computed as described in 

Subsection IV-A-15. The constants of this line show that 
the measured incident power at the time of calibration 
was - 168 dBmW (omnidirectional spacecraft antenna), 
and that the slope of the line over almost 7 h 30 min 
of tracking was 0.091 dB/h. The range of Maviwr ZV at 
the time of calibration was approximately 317.43 X lo6 
km, or 197.24 X lo6 mi. Figures 12 and 13 also show the 
measured incident power converted to a power density 
(dBmW per m2 of antenna aperture). Figure 13 shows 
a received power density of -203.172 dBmW/m2 corre- 
sponding to a measured incident power of - 168.1 dBmW. 

Figure 12 shows that the power correction factor at 
the Pioneer station is positive. However, the power cor- 
rection factor at the Echo station is negative. This is 
rdected in Fig. 14, which shows second-order statistical 
curves fitted by a least-squares method to the nominal, 
calibrated, and incident power levels as a function of the 
year and day, at the Pioneer and Echo stations. The data 
are centered about the day of Mars encounter, July 14, 
1965. Data points with deviations greater than 2 from 
the curves (three from Pioneer, two from Echo) have been 
discarded. The difference between the nominal power 
curves for the Pioneer and Echo stations is greater than 
expected from the error analysis, probably because of 
the exceptionally high errors of the test transmitter nomi- 
nal calibrations. This is indicated by the improved agree- 
ment of the calibrated powers between stations. The 
incident power curves differ at encounter by 0.17 dB. 
The average incident power level for the two stations 
is, at encounter, - 154.2 dBmW. The portion of the prob- 
able error of the calibrated power curves caused by the 
statistical measurement errors was 0.12 and 0.13 dB at 
the Pioneer and Echo stations, respectively. If the mea- 
surements at the two stations are considered independent, 
the probable error of the overall power measurement 
defined at the receiver input, accounting for bias and 
statistical measurement errors, was 0.2 dB. The theoreti- 
cally predicted1 incident power level normalized for 100% 
antenna dciency was -153.1 dBmW. The difference of 
1.1 dB between the measured and predicted power at 
encounter is within the error tolerances (Ref. 9). 

It was shown that the calibration of the diode detector 
to the relative noise and CW power sensitivity adds con- 
siderable complexity to the measurements. I t  is recom- 
mended that future calibration systems utilize a detector 
system immuned to errors from the signal form factor. 

'Private communication, J. Hunter, Jet Propulsion Laboratory, Feb., 
1966. 
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CW POWER C A L I  BRAT10 N 

MARINER 4 SPACECRAFT RECEIVED POWER CALIBRATED WITH MICROWAVE NOISE STANDARDS 

;TATION 11 DATE 7-14-1965 DAY NO. 195 TIME 2000 

41LCAL REFERENCE 10.00 DB AMB-LOAD TEMP. 23.00 C ANT. EFF. 49.96 PERCENT 

S.FSK= -198.39 DB 

IATA 
)OINT 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

IATA 
)OINT 

1 
2 
3 
4 
5 

AGC 
VOLTS 

-6.87 
-6.52 
-6. 16 
-5.75 
-5.37 
-4.96 
-4.54 
-4. 13 
-3.75 
-3.37 
-3.00 
-2.59 
-2.07 

SIGNAL 
AGC 

-2.68 

BWR 11454.800 CPS ALPHA= .410 DB TS= 44.42 DEGREES 

LEVEL SET DEV. AIL ATT CAL-POWER 
DBM DB DB DBM 

-1 10.00 
-1 15.00 
-120.00 
-125.00 
-130.00 
-135.23 
-140.23 
-145.23 
-149.23 
-153.37 
-157.37 
-161.37 
-166.37 

43.86 -107.05 
38.91 -1 12.00 
33.92 -1 17.01 
28.58 -122.39 
23.81 -127.28 

0.00 
.06 -. 16 
.09 
.06 -. 07 
.03 

0.00 

NORMALIZED NOMINAL ZENITH AI L-ATT 
TIME DBM ANGLE AMB 

0.00 -160.51 77.45 18.38 
18.40 
18.40 
18.37 
18.40 

CORR 
DB 

2.94 
2.99 
2.98 
2.60 
2.71 

AI L-ATT 
SKY 

10.00 
10.00 
10.00 
10.00 
10.00 

NOMINAL AGC CURVE RECEIVED SIGNAL SLOPE 

A=-160.5 1464 PE= .03386 A=-154.42223 PE= .04604 
B= -9.90177 PE= .05864 B= 0.00000 PE= 0.00000 
C= ,52095 PE= .03093 PEY= 0.00000 

PEY= .06907 

ZORRECTION FACTOR= 2.848 DB 

ERROR CONTRIBUTIONS ***** RECEIVED POWER 

EC1= .004265 

EC2= .036677 

NOMINAL=-160.514 DBM 

PE= .731 DB 

EC3r .086267 CALIBRATED=-157.666 DBM 

EC4- . 138124 PE= .280 DB 

EC5= . 183014 INCIDENT POWER=-154.422 DBM 

EC7= ,209286 PE= .370 DB 

POWER DENSITY=-181.641 DBM/SQ METER 

Fig. 12. Computer printout, Pioneer station, July 14, 1965 
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C W  POWER C A L I B R A T I O N  

KAMRATH / NIXON MARINER4 CLEAR WEATHER WINDY 2297 KMC POST-CAL 

'ATION 14 DATE 5-21-1966 DAY NO. 142 TIME 103 

'L-CAL REFERENCE -3.21 DB AMB-LOAD TEMP. 29.74 C ANT. EFF. 65.00 PERCENT 

FSK= -198.39 DB BWR 9477.293 CPS ALPHA*. 000 DB TS= 27. IO DEGREES 

DATA 
POINT 

1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
11 
12 
13 
14 
15 
16 

DATA 
PO I NT 

1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

AGC LEVELSET DEV. AILATT 
VOLTS DBM DB DB 

-4.62 
-4.49 
-4.33 
-4. 14 
-3.94 
-3.71 
-2.07 
-1.58 
-1.37 
-1.24 
-1.13 
-1.00 
-. 83 -. 73 -. 52 -. 29 

-1 10.00 
-115.00 
-120.00 
-125.00 
-130.00 
-135.00 
-160.00 
-165.00 
-167.00 
-168.00 
-169.00 
-170.00 
-171.00 
-172.00 
-173.00 
-174.00 

29.79 
25.16 
19.97 
14.94 
10.15 

.02 -. 18 

. I 1  

.01 

.11 

.01 
0.00 
. I 3  -. 21 -. 05 
a 03 

SIGNAL NORMALIZED NOMINAL ZENITH 
AGC 

-. 99 
-1.08 
-1. IO 
-1.05 
-1.08 
-1.12 
-1.08 
-1.02 
-1.05 
-1.04 
-1.09 
-1.05 
-1.11 
-1.16 
-1.11 
-1.09 
-1.16 
-1.13 
-1.08 
-1.12 
-1.11 

TIME 

-a. 71 
-8.04 
-7.21 
-6.88 
-6.71 
-6.38 
-6.04 
-5.71 
-5.38 
-5.21 
-4.88 
-4.54 
-3.88 
-3.71 
-3.38 
-3.21 
-2.71 
-2.38 
-1.88 
-1.54 
-1.38 

DBM ANGLE 

-170.00 44.41 
-169.39 36.45 
- 169.22 27.07 
-169.58 23.69 
-169.39 22.13 
-169.08 19.38 
-169.38 17.33 
-169.81 16.25 
-169.57 16.33 
-169.69 16.81 
-169.32 18.53 
-169.55 21.05 
-169.16 27.54 
-168.77 29.35 
-169.12 33.09 
-169.30 35.02 
-168.78 40.93 
-168.97 44.94 
-169.37 51.02 
-169.08 55.09 
-169.10 57.13 

CAL-POWER CORR. 
DBM DB 

-111.29 -1.29 
-1 15.92 -. 92 
-121.13 -1.13 
-126.20 -1.20 
-131.13 -1.13 

AI L-ATT AI 1-at1 
AMB SKY 

7.41 -3.22 
7.39 -3.22 
7.43 -3.24 
7.43 -3.20 
7.40 -3.21 

NOMINAL AGC CURVE RECEIVED SIGNAL SLOPE 

A=-169.32436 Pk .02896 k-168.09696 PE= .I1568 
B-- -7.58748 PE= .056!iO B= .09089 PE= .02138 
C= 2.08149 PE= .02611 PEY= . 17478 

PEY= .OB586 

.ORRECTION FACTOR -1.140 DB 

ERROR CONTRIBUTIONS ***** RECEIVED POWER 

NOMINAL=-169.324 DBM ECI= .GO7388 

EC2= .043651 

EC3= .OB4220 
PE= .734 DB 

EC4= ~ 138886 CALIBRATED=-170.464 DBM 

EC5= . 166245 PE= .278 DB 

ECP .221971 INCIDENT POWE&-168.0% DBM 

PE= .383 DB 

POWER DENSIW=-203.172 DBM/SQ METEi 

Fig. 13. Computer printout, Mars station, May 21, 1966 
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Appendix A 

The Computer Program 
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C CW POWER CORRECTION MoSoRE ID/D*L.NIXUN 5/27/66 
DIMENSION A G C ( 2 5 ) , P S N ( 2 5 ) r Y D B ( 5 ) , A T T ( 5 )  rERR(Z5)r 
1 PSY(5),YE(5),Y0(5), 
2TITLE(20),W(25),DEC(25),HA(25),ADBC(25), PEPP(25)rY2C(25),2(25) 

GNAGC ( 25 ) 9 T I M E  ( 25 1 

ALOGF (XXX )=LOGF (XXX 1 
XL0=1*011579 
D=o0174532925199 
P1=3*141592653589793 
CONSTlz e230258509299 
CONST2= 4.34294481903 
CONST3= o47717E-06 
CON ST 4= 
CONST5= 0 1E-04 
CONST6= o25E-05 
zz=o . 0 
BK=-198.60 
DO 47 I=1,25 

6626E -06 

47 W(I )=1.0 
39 READ 42rTITLE 

48 READ 45,EFF*TR,GFS ,BWRtALPHAtSAltSA2vSIZE,PHI 
READ lO,ITON,MONTH,NDAYtNYEAR9DAYN,H~FM,TO 

READ 37r(YO(I),I=lr5) 
READ 37,(YE(I),I=lr5) 
READ 45rYA 
DO 40 1~ 1 1 5  

40 READ 45,AGC(I)rPSN(I),ATT(I) 
I =5 

41 I=I+l 
READ 
IF (AGC(I)-99. 141,4174 

45 ,AGC( I ) ,PSN( I ) 

4 N=I-1 
C 
C CONVERT TIME TO FRACTIONAL D A Y S  AND NORNALIZE 
C TO CALIBRATION TIME 
C 

TUM= DAYN +H/24*0 + FM/1440. 
NYYN=DAYN 
NH=(H+100. )+FM 
I =o 

READ ~ ~ , I D A Y , H R S T F M I N , G N A G C ( I ) , H A ( I ) ~ D E C (  I )  
IF (IDAY-999) 1,192 

53 I=I+1 

1 DAY=IDAY 
TIME(1 )=(DAY+HRS/24.0+FMIN/l44O.O~-TUM 
IF ( ABSF ( TIME ( I ) 1-1 e 0  1 53,559 55 

55 TUM=T IME ( I )*24.0 
TYPE 52,TUM 
PAUSE 
GO TO 39 

2 NN=I-l 
C 
C COMPUTE SYSTEM TEMPERATURE AND PROBABLE ERRORS 
C 

YOBT=ZZ 
DO 56 I=lt5 

56 YDBT=YO(I)-YE(I)+YDBT 
YDBT=YDBT/5 00 
DUM=ZZ 
DO 57 1 ~ 1 9 5  

57 DUM=(YDBT-(YO(I)-YE(I)))**Z+DUM 
PEY IT=o6745*:( SQRTF (DUM/4.0 1 1 

1 MN 
2 MN 
3 MN 
4 MN 
5 MN 
6 MN 
7 MN 
8 MN 
9 MN 
10 MN 
11 MN 
12  MN 
13 MN 
14 MN 
15 WN 
16 MN 
17 MN 
18 MN 
19 MN 
20 MN 
21 MN 
22 MN 
23 MIV 
24 MN 
25 MN 
26 MN 
27 MN 
28 MN 
29  MN 
30 MN 
31 MN 
32 WN 
33 MN 
34 MN 
35 MN 
36 MN 
37 MN 
38 MN 
39 MN 
40 MN 
41 MN 
42 MN 
43 MN 
44 MN  
45 kN 
46 MN 
47 MN 
48 MN 
49 MN 
50 MN 
5 1  MN 
52  MN 
53 MN 
54 MN 
55 MN 
56 MN 
57 MN 
58 MN 
59 MN 
60 MN 
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C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

PEYDBT=PEYIT /SQRTF ( 5 . 0 )  
YRT=10*  O** ( Y D B T /  10 00 1 

T S = ( 2 7 3 * 1 6 + T R + T O ) / Y R T  
T K = T 0 + 2 7 3 *  16 
E 2 = S Q R T F ( ( ( ~ l / T K ) + * 2 ) * ~ l ~ O ~ T R / ~ T S * Y R T ~ ~ * * Z + ~ ~ l . O / T R ~ * ~ 2 ~ *  

E 1 = PE Y DBT* CONS T 1 

A (  l * O - T K / (  TS*YRT)  )**2+( E1**2)+CONST3+CONST4* (YDBT**2  )+CONST5 
B +CONST61 

C A L I B R A T I O N  O F  T E S T  TRANSMITTER S I G N A L  GENERATOR S I G N A L  L E V E L  

BWL=CONSTZ* ( ALOGF ( BWR ) 1 
T=CONSTZ*;( ALOGF ( T S )  ) 
GF SK=BK-GFS 
TGB =T+GFSK+BWL 
YDBAV=ZZ 

YDB ( I ) = A T T (  I 1 -Y A 
DO 23 I = l 9 5  

YR= lO.O** (YOB( I ) / lO .O)  
Y lDB=CONSTZ* (ALOGF(YR - l * O ) )  
YDBAV=YDBAV+YDB( I )  
P S Y ( I ) = Y l D B + A L P H A + T G B  

23 E R R ( I ) = P S Y ( I ) - P S N ( I )  
YDBAV=YDBAV/S -0 
Y R AV= 1000** ( Y DBAV/  10 -0 1 

S T E P  ATTENUATOR CORRECTION 

61 MN 
62 MN 
63 MN 
64 MN 
65 MN 
66 MN 
67 MN 
68 MN 
69 MN 
70 MN 
71 MN 
72 MN 
73 MN 
74 MN 
75. MN 
76 MN 
77 MN 
78 MN 
79 MN 
80 MN 
8 1  MN 
82 MN 
83 MN 
84 MN 
85 MN 
86 MN 
87  MN 
88 MN 

DO 24 I = l t N  89 MN 
I F  ( P S N ( I ) + 1 3 0 0 ) 1 6 * 2 4 ~ 2 4  90 MN 

16 I f  { PSN ( I + 15000 18 9 17 9 17 91 MN 
17 P S N (  I )=PSN(  I ) + S A 1  92 MN 

GO TO 24 93 MN 
18 P S N  ( I ) = P S N ( I ) + S A Z  94 MN 
24  C O N T I N U E  95 MN 

96 MN 
CURVE F I T  - NOMINAL9  C A L I B R A T E D ?  R E C I E V E D  SPACECRAFT AGC VOLTAGE 97  MN 

98 MN 
AVG=ZZ 99 MN 
DO 20 1 ~ 1 9 5  100 MN 

20 A V G = I P S Y ( I  ) - P S N ( I  ) I + A V G  101 MN 
COR=AVG/S.O 102 MN 
DUM=ZZ 103 MN 
DO 68 1 ~ 1 9 5  104 MN 

68 DUM=DUM+(COR-(PSY(I)-PSN(I)))*%Z 105 MN 
PEA2=.6745*( SQRTF (DUM/4.0 1 ) 106 MN 
A 3 = Z Z  107 MN 
DO 25 I = l t N N  108 MN 

25 A3=A3+GNAGC( I )  109 MN 
FNN=NN 110 MN 
A3=A3/FNN 111 MN 
DO 75 I = l r N  112 MN 

75 AGC ( 1  )=AGC( I ) - A 3  113 MN 
C A L L  F I T A 2  ( ~ , N I A G C ~ P S N T W I A ~ ~ B ~ ~ C ~ ~ P E ~ ~ T P E B ~ T P E C ~ ~ P E Y ~ ~  114 MN 
DO 77 1=69N 115 MN 
DUM=Al+Bl*AGC(I)+Cl*(AGC(I)**z) 116 MN 

77 E R R ( 1  ) = P S N (  I )-DUM 117 MN 
DO 76 I = l r N  118 MN 

76 AGC ( 1  )=AGC( I ) + A 3  119 MN 
120 MN 

CORRECTION FACTORS 121  MN 

26 JPL TECHNICAL REPORT 32-7066 



C 
Y 1 C = A 1  
YCC=Y lC+COR 

C 
C F I N A L  PROBABLE ERRORS 
C 

E3A=(CONST3+CONST4*(YDBAV * *2 )+CONST5+(2 .0 *CONST6) )  
E 3 B = ( l o O + l * O / ( Y R A V  -1.0) )**2 
E3D=(E3A*E3B)+(E2* *2 )+000054562  
E3=SQRTF ( E 3 D )  
E4=PEA2 
E5=SQRTF((E3**2)+(E4**Z)*(CONSTl**Z)) 
E 6 = P E A 1  
I F  ( N N - 3 1 9 9 , 9 8 9 9 8  

99 E7A=SQRTF ( P E A 1  **2+o04 ) *CONST1 
GO TO 97 

98 PEA3=ZZ 

43 PEA3=PEA3+((A3-GNAGC(I)I**Z) 
DO 43 I = l r N N  

P E A ~ = ~ ~ ~ ~ ~ * ( S Q R T F ( P E A ~ / ( F N N - ~ O O ) ) )  
E 7 A = S Q R T F ( P E A l  + * Z + ( P E A 3 * * 2 ) * ( B l  * * Z ) ) * C O N S T l  

E 8 = S Q R T F ( ( E 7 * * 2 1 + ( E 6 * * 2 ) * ( C O N S T l * * Z ) + ( E 5 * * 2 ) )  
97 E7zSQRTF ( ( E 7 A * * 2 ) + 0 0 0 0 1 4 0 7 )  

C 
C NORMALIZED POWER L E V E L  CORRECTED FOR ATMOSPHERE LOSS 
C 

EFFR= l * O / E F F  
AEF = CONST.?*( ALOGF ( E F F R  1 )  
DO 15 I = l r N N  
T I M E ( 1  ) = T I M E ( I ) * 2 4 . 0  
Y2CII)=Al+Bl*(GNAGC(I)-A3 ) + C l * ( ( G N A G C ( I ) - A 3  )**2) 
ADB = ( Y 2 C (  I ) + C O R ) + A E F  

C O S Z = ~ ~ S I N F ~ P H I * D ~ * S I N F ~ D E C ~ I ~ ~ D ~ ~ + ~ C O S F ~ P H I * D ~ * C O S F ~ D E C ~ I ~ * D ~  
ADBR= l O o O * * ( A D B / l O * O )  

1 *COSF ( H A (  I ) * D )  ) 1 
SECZ = l o O / C O S Z  
Z ( I ) =  ATANF(SQRTF(SECZ**Z  -100) ) *5702957795 
ADBCR=ADBR*(XLO**SECZ 1 
ADBC ( I )  =CONSTZ* (ALOGF ( ADBCR 1 1 

15 P E P P ( I  ) = o O l * S E C Z  
I F  (NN-3)  4 4 ~ 2 2 9 2 2  

44 N N = 1  
A5=AD BC ( 1 1 
B 5 = Z Z  
PEAS=PEPP ( 1) 
P E A 5 R = P E P P ( l ) * C O N S T l  
PEB5=ZZ 
PEY 5 = Z Z  
GO TO 46 

22 C A L L  F I T 1  ( N N  r T I  ME, ADBCI PE PPI A 5 r  B5, PEA5 t P E B 5  r P E Y 5  1 
46 E F = E F F * 1 0 0 * 0  

PE A5R=PE A5 *CON S T 1  
CAEF=A5 
CS I SE=CAEF-( CONSTZ*ALOGF( ( P I * ( S I Z E * * 2 ) * o 0 9 2 9 0 3 4  1 /400 1 )  

C 
C MORE PROBABLE ERRORS 
C 

E 9 =  ( SQRTF ( ( PEA5R**2 1 + o  000 193+ - 0085 + ( E 8 * * 2  1 1 1 *CONST2 
E lO=CONSTZ* (  SQRTF (E7A**2+ .02612  +(  E 6 * * 2 ) * ( C O N S T l * * Z  1 )  1 
EC 1=PE YDBT 
EC 2=E 2* CONS T2 

122 MN 
123 MN 
124 MN 
125 MN 
126 MN 
127 MN 
128 MN 
129 MN 
130 MN 
131 MN 
132 MN 
133 MN 
134 MN 
135 MN 
136 MN 
137 MN 
138 MN 
139 MN 
140 MN 
141 MN 
142 MN 
143 MN 
144 MN 
145 MN 
146 MN 
147 MN 
148 MN 
149 MN 
150 MN 
151 MN 
152 MN 
153 MN 
154 MN 
155 MN 
156 MN 
157 MN 
158 MN 
159 MN 
160 MN 
161 MN 
162 MN 
163 MN 
164 MN 
165 MN 
166 MN 
167 MN 
168 MN 
169 k N  
170 MN 
171 MN 
172 MN 
173 MN 
174 MN 
175 MN 
176 MN 
177 MN 
178 MN 
179 MN 
180 MN 
181  MN 
182 MN 

JPL TECHNICAL REPORT 32- 7066 27 



EC3=(SQRTF ( E 3 A * E 3 B )  )*CONST2 
EC4=E 3*CONST2 
EC 5 =E5 *CON ST2  
EC7=E7*CONST2 
EC 8=E8*CON ST2  

C 
C P R I N T  I N P U T  DATA AND CORRECTIONS 
C 

P R I N T  11 
P R I N T  1 9 t T I T L E  
P R I N T  13tITONtMONTHrNDAYtNYEARtNYYNtNH 
PR I M T  
P R I N T  26 
DO 27 1 ~ 1 ~ 5  

DO 29 I = 6 , N  

14 t Y A r TO r EF r GFSK r BWR t A L  PHA t TS 

27 P R I N T  28~I~AGC(IJ~PSN(I)tATT(I)tPSY(I)tERR~I) 

29 P R I N T  30tItAGC(I1tPSN(I),ERR(I) 
P R I N T  3 1  
I F ( N N - 5 1 3 2 ~ 3 3 r 3 3  

32 DO 34 I = l t N N  
34 P R I N T  3 5 ~ I ~ G N A G C ( I ) t T I M E ( I ~ t Y 2 C ( I ) , Z I I ) 1 Y O ( I ) , Y E ~ I ~  

J = N N + l  
DO 36 I = J t 5  

GO TO 85 
36 P R I N T  7 2 t I t Y O ( I l t Y E ( I )  

33 DO 38 I = l r 5  
38 P R I N T  35tItGNAGC(I)tTIME(I)tY2C(I)rZ(I)tYO(I ) r Y E ( I )  

73 P R I N T  
DO 73 I=6,NN 

3 5  t I tGNAGC I I 1 ,  T I M E  ( I  1 ,  Y2C(  I) t Z (  I) 
C 

PAGE 2 C P R I N T  COMPUTED DATA ******** 
C 

85 P R I N T  60 
P R I N T  61, A 1  t P E A l r A 5  t P E A 5  
P R I N T  6 2 t B l r P E B l t B 5 t P E B 5  
P R I N T  639 C 1  t P E C l  t P E Y 5  
P R I N T  6 4 , P E Y l  
P R I N T  6 5 t C O R  
P R I N T  87 
P R I N T  8 8 t E C 1  
P R I N T  8 9 t Y l C  
P R I N T  9 0 t E C 2  
P R I N T  9 1 r E 1 0  
P R I N T  9 2 1 E C 3  
P R I N T  9 3 9 E C 4  t Y C C  
P R I N T  9 4 t E C 5 r E C 8  
P R I N T  9 6 t E C 7  
P R I N T  9 5 r C A E F  
P R I N T  9 1 t E 9  
P R I N T  1 2 t C S I S E  

C 
C SENSE SWITCH 2 ON FOR PUNCHED OUTPUT 
C 

K =  1 
I F  (SENSE SWITCH 2 1 7 1 ~ 3 9  

71  PUNCH66,KtITONtMONTH,NDAY,NYEAR,NYVN,NHITS 
K=2 

K = 3  

K = 4  

PUNCH 70 t Kt NY YN t NH t Y 1C t E 10 

PUNCH 709 K t NYYN ,NH t YCCT E C 8  

183 MN 
184 MN 
185 MN 
186 MN 
187 MN 
188 MN 
189 MN 
190 MN 
191 MN 
192 MN 
193 MN 
194 MN 
195 MN 
196 MN 
197. MN 
198 MN 
199 MN 
200 MN 
201 MN 
202 MN 
203 MN 
204 MN 
205 MN 
206 MN 
207 MN 
208 MN 
209 MN 
210 MN 
211 MN 
212 MN 
213 MN 
214 MN 
215 MN 
216 MN 
217 MN 
218 MN 
219 MN 
220 MN 
2 2 1  MN 
222 MN 
223 MN 
224 MN 
225 MN 
226 MN 
227 MN 
228 MN 
229 MN 
230 MN 
231 MN 
232 MN 
233 MN 
234 MN 
235 MN 
2 3 6  MN 
237 MN 
238 MN 
239 MN 
240 MN 
241 MN 
242 MN 
243 MN 
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PUNCH 70rK,NYYN,NH,CAEF,E9 
K=5 
PUNCH 70,K,NYYNpNH,CSISE 
GO TO 39 

C 
C END OF PROGRAM INPUT FORMAT FOLLOWS 
C 

10  FORMAT ( 1 4 , 2 1 2 ~ 1 4 , F 4 . 0 ~ 2 F 2 . 0 ~ 2 X ~ F 8 0 5 ~ 2 F l O o 5 , 2 3 X , I 2 ~  
3 7  FORMAT (8F10.0) 
45 FORMAT (4F  10 00 9 4F 5.0 10x1 F 10.0 1 
5 4  FORMAT( 14,2F2*0,2X,3F10.5) 
42 FORMAT (20A4)  

C 
C OUTPUT FORMAT FOLLOWS *****+**- 
C 

52 FORMATl l lH TIME ERRORgE14.8r30H HOURS FROM TIME OF CALBRATION/ 

11 FORMAT(1Hlr 29X941HC W P 0 W E R C A L I B R A T I 0 N / / )  
19 FORMAT ( 10X,20A4/ 1 
14 FORMAT (5X.17HAIL-CAL REFERENCE,F6.2+3H DBr17H AMB-LOAD TEMP., 

1 F60293H C 913H ANT. E F F o r F 6 0 2 ~ 8 H  PERCENT// 5X,SHGFSK=rF8.2, 
2 3H D B 9 4X 9 4HBW R= 9 F 10.3 4H C PS , 4 X 9 6HAL PHA= F 5.3 t 3H DB 4 X 3 HT S=, 
3F60298H DEGREES//) 

151HCLEAR DATA FROM CARD READER, PUSH START, AND RELOAD/) 

2 6  FORMAT (7X,4HDATA, ~ X ~ ~ H A G C T ~ X I ~ H L E V E L  SET,~XI~HDEV.,~X, 
4 21H A I L  ATT CAL-POWER,~XISHCORR./ 7Xp5HPOINTr ~XISHVOLTST 
~ ~ X , ~ H D B M P ~ O X ~ ~ H D B , ~ X , ~ H  D B I ~ X ~ ~ H D B M ,  9X,2HDB/) 

2 8  FORMAT (6X,I4r2Fl1.2,11X,3Fllo2) 
3 0  FORMAT ( 6 x 1  14, F 11.2, 2F11o2)  

2 4 4  MN 
245  MN 
2 4 6  MN 
2 4 7  MN 
248 MN 
2 4 9  MN 
250 MN 
2 5 1  MN 
252 MN 
2 5 3  MN 
2 5 4  MN 
2 5 5  MN 
2 5 6  MN 
2 5 7  MN 
2 5 8  MN 
2 5 9  MN 
260 MN 
2 6 1  MN 
2 6 2  MN 
2 6 3  MN 
2 6 4  MN 
265  MN 
2 6 6  MN 
2 6 7  MN 
2 6 8  MN 
2 6 9  MN 
2 7 0  MN 
2 7 1  MN 

13  FORMAT ~ 6 X ~ 7 H S T A T I O N ~ 1 3 , 1 0 X , 4 H D A T E ~ I 3 ~ l H ~ ~ I 2 ~ l H ~ ~ I 4 ~ l O X ~  7HDAY NO. 2 7 2  MN 
1,14,5X,6HTIME ? I 4 / )  273  MN 

3 1  FORMAT ( / / /  ~ X , ~ H D A T A ~ ~ X ~ ~ H S I G N A L T ~ X ~ ~ O H N O R M A L I Z E D ~ ~ X , ~ H N O M I N A L ,  2 7 4  MN 

~ ~ X , ~ H D B M T ~ X , ~ H A N G L E , ~ O X , ~ H A M B , ~ X , ~ H S K Y / )  2 7 6  MN 
35 FORMAT ( 6 X  1 4 9  F 11.2, F1002, F110 2, F8.2 t F14.2 9F9.2 1 2 7 7  MN 
72 FORMAT (6x9  14 r40X t F  14- 2, F9.2 1 2 7 8  MN 

lZX,6HZENITH,7X, 16HAI L-ATT AIL-ATT/7X, SHPOINT V ~ X ~ ~ H A G C , ~ X , ~ H T I M E ,  275 MN 

60 F O R M A T ( ~ H ~ T ~ ~ X ~ ~ ~ H N O M I N A ~  AGC CURVE?lOX,ZlHRECEIVED SIGNAL SLOPE/) 2 7 9  MN 
61  FORMAT (15X,2HA=,F10.5,5H P E = p F 1 0 * 5 ~ 5 H  A=pF10.5,5H PE=,FlOe5) 2 8 0  MN 
62 FORMAT ( 1 5 X t 2 H B = t F 1 0 0 5 r 5 H  PE=tF10.5rSH B=,F10*5,5H PE=,F10.5) 2 8 1  MN 
63  FORMAT ( 15X 2HC=, F 100 5 5H PE’ , F 10.5,15X, 5H PEY=, F 10 5 1 2 8 2  MN 
6 4  FORMAT (28X,4HPEY=gFlOe5/) 283  MN 
65  FORMAT (7Xtl8HCORRECTION FACTOR=rF10*3,3H DB/)  2 8 4  MN 
87 FORMAT ( 11x1 l9HERROR CONTRIBUTIONS, 14X,5H*****~14X, 285  MN 

114HRECEIVED POWER/) 2 8 6  MN 
8 8  FORMAT (13X,4HECl=rF11.6) 2 8 7  MN 
8 9  FORMAT (59X ,8HNOMINAL=, F8.3, 4H DBM) 2 8 8  MN 
90 FORMAT (13X,4HEC2=,F11.6) 2 8 9  MN 
9 1  FORMAT (64X,3HPE=,F8*3,3H DB) 2 9 0  MN 
9 2  FORMAT (13X,4HEC3=,Fll.6/) 2 9 1  MN 
9 3  FORMAT ( ~ ~ X , ~ H E C ~ = , F ~ ~ . ~ , ~ ~ X T ~ ~ H C A L I B R A T E O = , F ~ ~ ~ ~ ~ H  DBM/) 292  MN 
9 4  FORMAT (13X,4HEC5=,F11.6r36X13HPE=,F8.3r3H DB/)  2 9 3  MN 
95 FORMAT (52X,15HINCIDENT POWER=rF8*3,4H DBM/ 2 9 4  MN 
96 FORMAT (13Xp4HEC7=,F11.6) 2 9 5  MN 
12  FORMAT (/53Xf14HPOWER DENSITY=rF8*3,13H DBM/SQ METER)  2 9 6  MN 

C 2 9 7  MN 
C PUNCHED FORMAT ******** 2 9 8  MN 
C 2 9 9  MN 

66 FORMAT ( I2 ,616rZX,F1504)  3 0 0  MN 
70 FORMAT (12,216,2X,2Fl5.5) 3 0 1  MN 

302  MN END 
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SUBROUTINE F I T 1  (N, X , Y t  W, A, B t  PEAt PEBt PEY) 
DIMENSION 
EN=N 
SW=O 
SWY=O 
SWXQ=O 
swx=o 
SWXY=O 
SPY =o 
SPA=O 
SPB=O 
SPPY=O 
DO 100 I = l t N  
W ( I ) = ( l . O /  W(1 ) ) * *2  
sw=w ( I  )+SW 
swx=w( I ) *x ( I )+swx  
S W X Q = W ( I ) * ( X ( I  )**2)+SWXQ 
SWY=W(I)*Y(I)+SWY 

100 swxY=w(I~*x~I)*Y(I)+swxY 
DELT A=SW *SW XQ-SW X**2 
A=ISWY*SWXQ-SWXY*SWX)/DELTA 
B=(SW*SWXY-SWX*SWY)/DELTk 
DO 200 I = l t N  
YC=A+B*X ( I) 
E=YC-Y ( 1  1 
SPY=W ( I  ) *E*E  +SPY 
SPPY=SPPY+ E*E 
SPA=W(I)*(SWXQ-X(I)*SWX)**Z+SPA 

2 0 0  SPB=W ( I I * (  SWX-X ( I )*SW)**Z+SPB 

X ( 1 5 )  C Y  ( 1 5 )  t W (  1 5 )  

PEE=.6745*SQRTF(SPY/ (EN-Z .O) )  
P E Y = . 6 7 4 5 * S Q R T F ( S P P Y / ( E N - 2 . 0 ) )  
CON=PEE /ABSF ( DELTA 1 
PEA=CON*SQRTF(SPA) 
PEB=CON*SQRTF ( SPB 1 
RETURN 
END 

2 F 1  
3 F 1  
4 .F1 
5 F 1  
6 F 1  
7 F 1  
8 F 1  
9 F 1  

10 F 1  
11 F 1  
1 2  F 1  

13 F 1  
14 F 1  
15 F 1  
16 F 1  
17 F 1  
18 F 1  
19 F 1  
20 F 1  
2 1  F 1  
22 F 1  
23 F 1  
24 F 1  
25 F 1  
26 F 1  

2 7  F 1  
28 F 1  

3 1  F 1  
3 2  F 1  
33 F 1  
34  F 1  
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SUBROUTINE F I T A 2  ( N S ~ N ~ X I Y , W ~ A ~ B , C ~ P E A , P E B , P E C ~ P E Y )  

DIMENSION 
EN=N-NS+ 1 
sw=o 
swx=o 
SWX2=O 
swx3=0 
swx4=0 
SWY=O 
SWXY=O 
SWX2Y=O 
DO 50 I=NStN 
w ( I I = (  1./w ( I  1 )**2 
X 2 = X ( I ) * X ( I )  
x3=x2*x ( I )  
sw=w ( I  )+SW 
s w Y = w ( I ) = Y ( I ) + s w Y  
swxY=w~I)*x~I)*Y(I)+swxY 
swx2Y=w(I)*x2*Y(I)+swx2Y 
s w x = w ( I ) * x ( I ) + s w x  
s w x 2 = w ( I ~ * x 2 + s w x 2  
swx3=w( I ) *x3+swx3  

5 0  SWX4=W(I)*X2*X2+SWX4 
A 1  1=SW X2* SWX4-SWX3*S WX3 
A21=- (SWX*SWX4-SWX3*SWX2)  
A31=SWX*SWX3-SWX2*SWX2 
A22=SW*SWX4-SWX2*SWX2 
A32=-( SW*SWX3-SWX*SWX2) 
A33=SW* SWX2-SWX*SWX 
DELTA= SW * A  1 1+ SW X*A2 1+S W X2*A 3 1 
A=(SWY*All+SWXY*A21+SWX2Y*A3lI/DELTA 
B=(SWY*A21+SWXY*A22+SWX2Y*A32)/DELTA 
C = t S W Y * A 3 1 + S W X Y * A 3 2 + S W X 2 Y * A 3 3 ) / D E L T A  
SPA=O 
SPB=O 
s PC =o 
SPY=O 
SPPY=O 
DO 75 I=NS,N 
X 2 = X ( I ) * X ( I )  
YC=A+B*X ( 11 +C*X2 
E=YC-Y ( I  1 
SPY=W L I )*E*E+SPY 
SPPY=SPPY+E*E 
SPA=W(I)*(Al1+X(I)*A2l+X2*A31)**2+SPA 
SPB=W(I)*(A21+X(I)*A22+X2*A32)**2+SPB 

75 SPC=W ( I  ) * ( A 3 1 + X ( I  )*A32+X2*A33)**2+SPC 

C STELZRIED,2/18/66. .WEIGHTED 2ND ORDER BEST F I T  CURVE) 
X ( 100 1 r Y  ( 100 1 9  W t 100 1 

P E E = . 6 7 4 5 * S Q R T F ( S P Y / ( E N - 3 , 0 )  1 
PEY=.6745*SQRTF(SPPY/ (EN-3 ,0 ) )  
CON=PEE/ABSF ( DELTA) 
PEA=CON*SQRTF ( SPA 1 
PEB=CON*SQRTF ( SPB) 
PEC=CON*SQRTF (SPC 1 
RETURN 
END 

3 F2  
2 F2  
4 F2  
5 F2  
6 F2 
7 F2  
8 F2 
9 F2 

10 F2  
11 F2 
1 2  F2 
2 3  F2 
14 F2 
1 5  F2 
16 F2 
1 7  F2 
1 8  F2 
19 F2 
2 0  F2 
2 1  F2  
22 F2 
2 3  F 2  
2 4  F2 
2 5  F2 
2 6  F2 
2 7  F2 
2 8  F2 
2 9  F2 
3 0  F2 
31 F 2  
32 F2 
3 3  F2  
3 4  F2 
3 5  F2 
3 6  F2 
3 7  F2 
3 8  F2 
3 9  F2 

40 F2 
41 F2  
4 2  F2  
4 3  F2 

4 5  F2  
46 F2 
47 F2 

50 F2  
51 F2 
5 2  F2 
5 3  F2 
5 4  F2 

JPL TECHNICAL REPORT 32- 7 066 31 



Appendix B 

Discussion of the Computer Program 

The data reduction is computed for each day's tracking 
at each station. The computer prints the following devia- 
tions and errors as well as the probable errors of the com- 
puted power levels: a k T , B ]  

(c) EC3. The term 

Y p:i g ( f s )  

CORR DB. This column indicates the difference 
between each nominal test transmitter level and the 
corresponding calibrated value. The correction fac- 
tor COR is the arithmetic mean of these values. 
These CORR differences form a powerful trouble- 
shooting tool. 

CORRECTION FACTOR. This is the power cor- 
rection factor, COR. 

DEV DB. This column lists the deviations, in deci- 
bels, of each nominal test transmitter level from 
the statistical second-order nominal AGC curve. 

NOMINAL AGC CURVE. The three constants 
defining the computed nominal AGC curve are 
printed out under this heading. Their probable 
errors and the probable error of the individual data 
points are printed out as well. The probable error 
of the first constant A is used in the error analysis 
as the error caused by measurement scatter on the 
nominal curve. 

RECEIVED SIGNAL SLOPE. The two constants 
which define the computed straight line of received 
power versus normalized time, and their associated 
probable errors, are printed out under this heading. 
The probable error of the first constant A is used 
in the error analysis and the other probable errors 
(if N N  > 2) are useful in trouble shooting. 

(6) ERROR CONTRIBUTIONS. This lists some of 
the important contributions that make up the final 
errors. It is primarily a trouble-shooting and error- 
monitoring column. All probable errors in this 
column are in decibels. 

(a)) EC1. This is the measurement error associated 
with the Y-factors in the determination of sys- 
tem temperature. 

(b) EC2. The probable error of the computed sys- 
tem temperature. 

in Eq. (11) is represented by this error contri- 
bution. It is the sensitivity of the error in the 
calibration of the test transmitter signal' level to 
the Y-factors. Therefore, EC3 is the Y-factor 
error contribution to the calibration of the 
test transmitter (microwave thermal standards 
method). 

(d) EC4. This is part of the probable error of the 
calibration of the test transmitter signal level 
by the microwave thermal standards method. 
It includes Y-factors, system temperature, band- 
width, filter gain, and diode correction factor; 
however, it does not include measurement 
scatter of data points. The probable error is 
described by Eq. (11). 

(e), EC5. The complete probable error of the cali- 
bration of the test transmitter by the microwave 
thermal standards method. 

(f) EC6. This is the same as E6, the error caused 
by the measurement scatter on the nominal 
AGC curve which has units of decibels. It is 
not listed because it is defined as PEA,, the 
probable error of the first constant of the com- 
puted nominal AGC curve. The term PEA, is 
listed under NOMINAL AGC CURVE. 

(9) EC7. That portion of the probable error of the 
nominal spacecraft power, which is common to 
both nominal and calibrated methods. 

(h) EC8. Probable error of the calibrated space- 
craft power in decibels. This is printed in the 
computer output as PE corresponding to 
CALIBRATED power. 

Appendix D shows a card-for-card type flow chart of 
the computer program and the subroutines. 
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Significant program statements for preliminary input 
are defined or discussed below: 

3 2 3 8  

Card No 

5 

6 
7 
8 
9 

10 

11 
12 
13 

15 
19 

20 

Convert time to fractional days and normal- 
ize to calibration time, i.e., the time origin is 
placed at the time of calibration 

Defhition or Discussion 

%LO, assumed value of atmospheric loss at 
cenith at 2295 MHz, 1.011 579, ratio 
D, converts radians to degrees 
PI, iT  

ZONST 1, In 10/10 = 0.230 258 209 299 
ZONST 2,10/ln 10 = 4.342 944 819 03 
ZONST 3, (aJ2 = 0.47717 X 
.atio 
ZONST 4, = 0.6626 X (ratio/dB)2 
ZONST 5, ~ / T B  = lod5, ratio 

CONST 6, (AG/G,)~ = (AP:, /P:i)2 
= (0.005dB)2 
= 2.5 X squared ratio 
BK, Boltzmann's constant, k = - 198.60 dB 
Station input data: 
[TON, station number 
MONTH, NDAY, NYEAR, date 
DAYN, day of year 
H, FM, time; hours, min 
r0, ambient temperature, "C 
Station constants: 
EFF, antenna ettficiency, ratio 
TR, receiver equivalent noise temperature, O K  

GFS, overall normalized system gain at fre- 
quency fa ,  ratio 
BWR, total integrated bandwidth of narrow- 
band filter, Hz 
ALPHA, diode correction factor, dB 
SA1, S A 2 ,  test transmitter step attenuator cali- 
brations, dB 
SIZE, antenna physical diameter, ft 
PHI, antenna latitude, deg 

squared 

Card No. 

21,22 

23 

Significant program statements for measured input are 
defined or discussed below: 

Definition or Discussion 

System temperature measurement data; 
Y-factors, dB 
IF attenuator reference level for power cali- 
bration Y-factor, dB 

Card No 

25 

28 

29 
40 

41 

Definition or Discussion 

AGC(1): first 5 AGC voltages, V 
PSN(1): first 5 nominal test transmitter levels, 
dBmW 
ATT(1): IF attenuator levels, dB 
Nominal AGC curve: 
AGC(1): remainder of AGC voltages, V 
PSN(1) : remainder of nominal test transmitter 
levels, dBmW 
End of data card test 
Received spacecraft power data: 
IDAY: day of year 
HRS, FMIN: time, hours, min 
GNAGC(1) : ground receiver AGC voltage 
when the station has acquired the spacecraft, V 
End of data card test 

Significant program statements for time conversion and 
normalization are defined or discussed below: 

Card No.1 Definition or Discussion 

43-46 Check that time in cards 40 through 45 has 
day number equal to day number 1-1 day in 
card 19. This ensures that measurements of 
AGC voltage on the spacecraft (GNAGC) cor- 
respond to data read into the computer in 
statements 19 through 29. If time in state- 
ment 19 differs from time in statement 40 by 
more than 1 day, error message on cards 259 
through 260 is typed, and the program returns 
to the start. A difference of 1 day is acceptable 
because the spacecraft may be tracked through 
midnight 

Significant program statements for system temperature 
are defined or discussed below: 

Card No 

55,56, 
58,62, 
and 64 
59-61 

Definition or Discussion 

Compute an average value of system tempera- 
ture in OK by Eqs. (34) and (36) 

Compute the probable error of the average 
system temperature Y-factor in decibels from 
Eq. (37), i.e., PE;;,, (PEYDBT in the program) 
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Card No. 

63 

65 

66-68 

Definition or Discussion 

Converts PE?,, to a normalized ratio by 
Eq. (38). The result is symbolized E l  in the 
program 

Converts the temperature of the ambient load 
from OC to O K  

Compute the probable error of the system 
temperature measurement by Eqs. (35) and 
(39). The result is symbolized E2 in the pro- 
gram 

Significant program statements for calibration of the 
test transmitter signal level are defined or discussed 
below: 

Card No 

72 

73 

74 

75 

78 

79 

80,82 

83 

Definition or Discussion 

Converts bandwidth in hertz to decibels 

Converts system temperature in degrees K to 
decibels 

Computes the term GFSK and converts it to 
decibels, where 

GFSK = k/g(fa) 

and 
k = Boltzmann's constant, J / O K  

g (f,) = b defined by Eq. (4) 

Computes the term TGB in decibels, where 
TGB is given by T,B/g( f , )  

Computes the calibration Y-factors YDB(I), by 
YDB(1) = ATT(1) - YA 

Converts the Y-factors YDB(I) to ratios, YR 

Solve Eq. (7) for five calibrated test transmit- 
ter power levels PSY(1). These points are 
needed to determine the calibrated AGC curve 

Computes the differences between the nominal 
and calibrated test transmitter power levels, 
PSY(1) - PSN(1). These five differences are 
printed under CORR DB for each day's data 

Significant program statements for step attenuator 
rection are defined or discussed below: 

Card No. Definition or Discussion 'I_ Correct levels by the the nominal factors SA1 test and transmitter S A 2  power 

Significant program statements for the power correc- 
tion factor COR and its probable error are defined or 
discussed below: 

Card No 

81,84, 
and 85 

96-102 

103-106 

Definition or Discussion 

2ompute the average Y-factor, and convert it 
:o a ratio 

Zompute COR, the average difference be- 
tween PSY(1) and PSN(1) 

Zompute the normalized probable error ratio 
PEco,/COR. This is given by: 

where PEA, is given by: 

2 [COR - (PSY(1) - PSN(I))]' 

N - 1 = 4  

(59) 

Significant program statements for the nominal AGC 
curve are defined or discussed below: 

Card No 

110 

107-109, 
and 111 

112,113 

Definition or Discussion 

Changes NN to FNN to avoid a mixed mode 
in 111 

Determine the number NN of GNAGC data 
points and compute their average. This deter- 
mines the reference point on the AGC ax is  to 
which the origin is to be moved. This reference 
point is the first GNAGC data point for NNL-2 
and the average GNAGC value for NN > 2 

Transform the Y-axis to the reference point 
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Card No 

114 

115-117 

118,119 

Definition or Discussion 

Calls the subroutine FITA2 which fits the best 
second-order curve to the nominal AGC curve 
data from i = 6 to a data point above thresh- 
old (i = N). The constants A,, B,,  C, of the 
curve Y = A, + B,x + CIxz are determined 
where Y =power in dBmW, and x = AGC 
voltage. The subroutine also determines PEA,, 
PER,, PEc,, and PE,, where PE,, is the prob- 
able error of the individual data points 

Determine the deviation of each nominal AGC 
data point from i = 6 to i = N from the cor- 
responding point on the computed curve 
Y = A, + B,x + C,x2 

Reset the AGC voltage data to the original 
origin 

Significant program statements for the nominal and 
calibrated spacecraft power levels are defined or dis- 
cussed below; 

Card No 

123 

124 

Definition or Discussion 

Determines the nominal value of received 
spacecraft power level, Y1C. This is given by 
the constant A, which was found in card 114 
through the subroutine 
Computes the calibrated spacecraft power 
level YCC = Y1C + COR 

Significant program statements for the probable error 
of the calibration of the test transmitter level are defined 
or discussed below: 

Card Nc 

128 

129 

Definition or Discussion 

Computes the term E3A where 

and is part of Eq. (11) 
Computes the term E3B where 

E3B = (1 + yRAv- 1 Y  
The term (1 + 

Card No 

130 

131 

132 
133 

Dehition or Discussion 

in Eq. (11) may be written 1 + l/(YRAV - l), 
where YRAV is the average power Y-factor 
converted to a ratio 

Computes the term E3D where 
E3D = (E3A) (E3B) + (E2), + 0.000545 620 

PE, was estimated as 0.1 dB. This could prob- 
ably be reduced in future systems. 
P E g t f s ) / g  (fJ was estimated as 0.003 (ratio) 
and PEB/B was 0.0026 (ratio) on the average. 
Hence, 

Computes the term E3 where 

E3 = (E3D)'h 

Defines E4 as PEA, 
Computes the probable error of the calibra- 
tion of the test transmitter power level (micro- 
wave thermal standards method). This is de- 
fined as E5, where 

(E5), = (E3), + (E4), (CONST 1), 

Significant program statements for common errors are 
defined or discussed below: 

Card No 

134 

135 

136 

140,141 

Definition or Discussion 

Defines E6 as PEA, 

Condition. Directs the program according to 
the number of GNAGC data points 

If NN L 2, this statement is used. It computes 
the term E7A where 

(E7)' = (CONST l)z [(PEA,)' + (0.2)'] 

Since NN is not suGciently great to perform 
a first-order analysis, the term (PE, ) (BJ  in 
Eq. (47) must be estimated. This term has 
been estimated as 0.2 dB. The program then 
jumps to card 143 

If NN > 2, then these statements are used. 
These statements compute PEA, by Eq. (49) 

JPL TECHNICAL REPORT 32-7066 85 



Card Nc 

Card No. 

155,156 
157 
158 

159 

160 

142 

Definition or Discussion 

Compute cos x from Eq. (28) 
Computes sec z from cos z 

Computes x(1) in degrees which are held and 
printed in the output 
Computes NN values of ADBCR by Eq. (9) 

ADBCR = (ADBR) (Lo)8eez 

where ADBCR are the values of ADBR cor- 
rected for atmospheric loss 
Converts the NN values of ADBCR to decibels 

143 

Definition or Discussion Card No. 

Computes the term E7A where 

(E7A)' = [(PEA,)' + (PEA,)' (B,)'] (CONST 1)' 

from Eq. (47). The units PEA, are in decibels; 
those of PEA, are in volts; those of B1, deci- 
bels/volts; and CONSTl converts E7A to a 
ra ti0 

Computes the term E7 where 
7 

(E7)' (E7A)' + 2 (ai)' 
i = 3  

and (ai)' = 0.000 1407 (ratio)2. The term E7 
is the summation of all errors common to both 
methods 

Significant program statements for the probable error 
of the calibrated spacecraft power level are defined or 
discussed below : 

Card No 

144 

Definition or Discussion 

Computes the term E8, the probable error of 
the calibrated spacecraft power level 

Significant program statements for spacecraft power 
level normalized for 100% antenna efficiency are defined 
or discussed below: 

Card No 

148,149 

152 

153 

36 

Definition or Discussion 

Convert antenna efficiency to decibels. This is 
given by the term AEF. The reciprocal of an- 
tenna efficiency is used to keep AEF positive. 
Computes NN values of nominal spacecraft 
power by solving the equation defining the 
nominal curve for each of the NN values of 
GNAGC voltage. 

Y2C(I) A, + B, [GNAGC(I) - As] 

+ C, [GNAGC(I) - AJ2 

where Y2C is the nominal received power and 
A, is Gven by Eq. (48) 
Computes NN values of ADB where 

ADB = Y2C(I) + COR + AEF 

ADB represents NN values of received space- 
craft power, calibrated and normalized for 
100% antenna efficiency 

154 

Definition or Discussion 

Converts the NN values of ADB found in 
card 153 from dBmW to ratios. These ratios 
are designated ADBR 

Significant program statements for spacecraft power 
level corrected for atmospheric loss are defined or dis- 
cussed below: 

Card No 

161 

162 

163 

164 

Definition or Discussion 

Defines the weighting factors for the straight- 
line analysis. These are given by Eq. (56) as: 

w = [(?)*secz]" 

The term Lo has been chosen as 0.05 dB and 
PE,,/L, was estimated as 0.01. The subrou- 
tine FITA2 uses the square of the reciprocal 
of the input weighting factors and, therefore, 
card 161 of the program defines the weighting 
factors as w-s 
Determines whether there are sufficient data 
points to perform a first-order statistical an- 
alysis, and directs the program to cards 163 
through 170 if there are not, and to card 171 if 
there are 
Defines NN as 1, i.e., the first data point is 
chosen 
The term A, is defined as ADBC(l), i.e., the 
first value of ADBC 
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Card No 

166 

167 

171 

172 

173 

174 

175 

Card No. 

179 

Definition or Discussion 

Defines PE,,  as PEPP(l), i.e., the first weight- 
ing factor 

Converts PEPP( 1) to a ratio 

Calls the subroutine FIT1 which fits a straight 
line to the NN data points of ADBC versus 
time in the original coordinate system, by a 
least-squares method using the defined weight- 
ing factors. The subroutine computes the 
values of the constants A, and B, as well as 
the probable errors PEA,, PEB,, PEP,  
Antenna efficiency as a percentage is defined 
as EF. This is held and printed in the output 

Converts PEA, to a ratio 

Defknes incident power as A,, where A, = 
CAEF 

Computes incident power density as received 
signal strength per square meter of antenna 
aperture. This is designated CSISE 

Definition or Discussion 

Computes the term E9 by Eq. (57) 

Significant program statements for probable error of 
incident power are defined or discussed below: 

Significant program statements for probable error of 
the nominal spacecraft power are defined or discussed 
below: 

Card No 

180 

Definition or Discussion 

The probable error of the nominal spacecraft 
power is defined as E10 

where 

(E10)2 = (CONST2)2 [(E7A);L. + 0.02612 

+ (E67 (CONST l)?] 

The units of E10 are decibels. The term E7A 
is given by card 136. The term 0.02612 is a 
squared ratio and is given by 

7 

0.02612 = (PETTO)' + (ai)' 
i = 3  

where 

PET,, = probable error of the test trans- 
mitter signal level calibration by the nomi- 
nal method, estimated as 0.7 dB 

and 

2 ( a ~ ) ~  is defined in card 143 
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Appendix C 

The Diode Correction Factor 

The diode correction factor (Y was determined by com- 
parisons of Y-factors, Yd and Yp, measured with the diode 
and a true rms detector, respectively, at the same signal- 
to-noise ratio. A theoretical analysis was also performed 

check on the calibrations. The theoretical analysis is con- 
sidered in this appendix. 

When taking Y-factor measurements, the precision IF 
attenuator is adjusted for attenuations L,, and L,, to give 
equal output indicator deflections resulting in a ratio 

to gain insight into the phenomenon and to provide a Ya = L n / L  (61) 

so that 

Esn/En = 1 (62) 
1. Definitions 

used in the power Y-factor measurements is shown in 
A representation of the IN198 diode detector The correction factor under these conditions is then 

(63) Fig. C-1. Because of the difference in form factor, equal 
CW and noise powers do not result in equal rectified out- 

p=- (Pn) i 
(Psn)i 

put voltages. 
The signal, plus noise-to-noise ratio before and after the 
attenuator, are A block diagram of the diode detector system used for 

the power Y-factor measurements is shown in Fig. C-2. 
by 

(64) 
-.- 1 Pan - (Pm)i Assuming unequal output indicator responses E,, and En 

caused by detector inputs of signal combined with noise Yd Pn (Pn)i 
(Psn)i and noise power alone (P ,J i ,  proportional to p 

-- 

so that 

or, if Pan is written P ,  + P,, E 

Yd = p ( 1  + 2) (66) 

The relative diode sensitivity to signal and noise can also 
be expressed as 

AC INPUT 

Fig. C-1 . Representation of diode detector circuit 
used in Y-factor measurements 

p is related to a! by 
Psn 9 Lsn 1 (Psn)i 4-n 1 

(68) 
Ps/Pn En Ln ( Pn )i 

= p ( P B / P n  + 1) - 1 DETECTOR 
PRECISION IF 

OUTPUT ATTENUATOR INDICATOR 

or, if Ps/Pn > > 1 FROM DETECTOR 
IF AMPLIFIER INPUT 

Fig. C-2. Detector system used in Y-factor 
measurements 
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II. Effect of Low Signal-to-Noise Ratio and Bias 
The detector can be analyzed to a first approximation 

as a vth law device to indicate the effect of combining 
signal and noise, which is of importance if P,/Pn is not 
large. It is assumed that there is no reverse current, no 
bias, and no vth law response as shown in Fig. C-3. 

The no-bias requirement is closely satisfied if the peak 
input signal level is much greater than the dc output volt- 
age. The dc output with signal and noise is (Ref. 10): 

and, with noise alone, 

where 

a = proportionality factor 

v = detector law 

r = gamma function 

F,  = confluent hypergeometric function 

(Pl)i/(PL) i = CW signal-to-noise power ratio at the 
detector input 

and 
(Psn)i = (Z)i + (P8)i 

Dividing Eq. (70) by Eq. (71), ,F, (- v/2 : 1 : 0) = 1 
since 

Using Eqs. (63) through (65) and, since 

then, 

(74) 

- E  I 

CW SIGNAL VOLTAGE 

( V c o s 8  1 

GAUSSIAN NOISE VOLTAGE 

P ( E ) =  ' e -E2/2*2 

O ( 2 i T ) F  

Fig. C-3. Representation of ideal vth law 
diode characteristic 

and 

(75) 

Using Eqs. (68), (74), and (75) with Eq. (72), and setting 
E s , / E n =  1, 

The relationship between a! and (Ps) / (Pn) is shown by 
this equation. The confluent hypergeometric function can 
be expanded in a power series for large signal-to-noise 
ratios (Ref. 11). Equation (76) has been programmed for 
a computer, and a was determined and plotted for a range 
of values for v and for P8/P,  ratios, as shown in Fig. C-4. 
This shows that ideal vth law detectors with nonlinearities 
reasonably close to square law have relatively small cor- 
rections for the Y-factor. 

111. Direct Method 

The circuit shown in Fig. C-1 can be analyzed by a 
direct method to determine the sensitivity to a CW signal 
alone, as compared to a noise signal. The dc output volt- 

JPL TECHNICAL REPORT 32- 7 066 39 



NU = 2.40 

2.30 

I I I I I NU = 2.40 
I 

2.30 
0.3 

1.70 
-0.3 I 

1.60 
-0.4 I I 

0 3 6  IO 20 30 40 
e/Pnl dB 

Fig. C-4. Plot of CY (dB) vs PJP,  from Eq. (76) 

The average dc output voltage caused by a noise input 
voltage is 

(Eo)n = (On (81) 

where (Ref. 13) 

(I)n = (UE"), = a (82) 

Assuming a gaussian noise input with an rms noise volt- 
age u 

so that 

age, using the same assumptions and with an input signal 
V cos 0, is given by Integrating and substituting into Eq. (81) 

( E o ) s  = R ( 1 ) s  (77) 

If the relation that I = uE" for E > 0 is used, 

Dividing Eq. (79) by Eq. (84) and setting ( E o ) S / ( E o ) n  1 1 
=/2 yields 

( z ) ~  = (aEV)* = fb (v cos e)" die (78) 

(85) 
1 

By integrating (Ref. 12) and substituting into Eq. (77) 

But, since 

Replacing the peak voltage v with an effective m s  and, with Eqs. (63) and (69) for the ideal vth law detector 
assuming P s / P n  > > 1, voltage o where 

- v2 V2 
2 
_ -  

CY = [ r (i + I)]"" (87) 

then, 
Equation (76) asymptotically approaches Eq. (87) as 

Ps/Pn + 03. Figure C-4 indicates that good accuracy for CY 

can be obtained for signal-to-noise ratios above 10 dB, 
which is the range of the measurements used for the 
spacecraft CW power calibrations. 

a~ (2v2)~/2 r ($ + +) 
2(,)Hr($ + 1)  

(80) ( E 0 ) S  = 
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15 

0 x 
IO 

%- 

n 
9 n 
I 
2 s  

I I- 

W 

0 r 

I- z 
W 

For this example 

I = uE2 f o r E > O  

Thus, 

( I )8  = @ E 2 )  = aLe'(Vcos B - Eo)2d0 
x 

Expanding Eq. (88), integrating, and retaining the first- 
order correction term, 

(89) 
uv2 2E 

( 1 ) s  z - (2 - +) 
T 

so that replacing V with ~ ( 2 ) s  and substituting into 
Eq. (77) yields 

(E0)8  z 7 uRv2 (1 - +) (W 

where 

Eo el = cos-1- V 

x Eo 
- 2  v for E o / V  < < 1 - - _ -  
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Substituting x = E + E,, 

which may be written as 

(95) 

Expanding the second integrand, integrating both inte- 
grals, and retaining only first-order terms, 
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Substituting into Eq. (91) Substituting Eq. (102) into Eq. (101), expanding Eqs. (101) 
and (103), and equating co&cients of like powers of e 
yields 

(98) 
( E o ) m = ~ [ l - - - ]  aRu2 4Eo 

u (27p 
C, = A0 - AiEo + A2Eg - ASE: + A4Et - ASEE + A6E8, 

- ATE: A&8, + * - Dividing Eq. (90) by Eq. (98) and setting equal to 1 

k(S) 
siibstituting a for o2/u2 

8EO 
2, (27r)% 

u (2,p 

1-- 

1-- 4Eo (99) 

With a CW input signalV cos 0, the average current in the 
circuit is If E0/o z Eo/u 1 I 10 (the approximate operating 

range of the diode detectors when taking Y-factors), then 
a! z 0.1 dB. This indicates the relative importance of bias 
effects on the calibrations. 

N 

f i = o  
IV. Analysis From the Diode Static El Curve 

1 3 E 
2 8 = CO + - c2v2 + -c4v4 + Ec6v6 This analysis, which takes bias into account, predicts 

the sensitivity to CW and noise signals from the diode dc 
current and voltage characteristics. I 

If it is assumed that the diode current I can be ex- 
pressed in terms of the voltage across the diode E, by the 
power series 

The dc output voltage is related to the load resistor R, by 

(E0)'8 = fi (z>8 (106) 
N 

Substituting Eq. (105) into Eq. (106), and replacing the 
peak voltage V by u (2)%, where u is the effective value of 
the sinusoid 

(101) 

The circuit ac input voltage e is related to output dc 
voltage Eo, by 

e = E + E ,  

(107) 
35 because of the biasing effect of the output R - C local + 3-cS08 f . ' 

combination with an R - C time constant which is long 
compared to the input frequency. The current can also 
be expressed as a power series in terms of the circuit 
inpur voltage (Ref. 13) 

With a noise input, the average current in the circuit is 
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where 

EO, 

mV 

method using a computer. The A coefficients (defined by 
Eq. 101) are: 

v, a, a, 
mV mV dB 

N 
Z(e) = Z C i e i  

i = O  

2 
4 

Substituting for P (e) and Z (e), and integrating 

30.2948 28.7869 0.443 
42.0678 38.8203 0.698 

(I),, = Co + Cza2 + 3C4a4 + 15C& + 105C,a8 + * . . 

(10% 

The dc output is given by (Eq. 81) 

It should be noted that the detector output voltages, 
because of a CW signal and noise (as given by Eqs. 107 
and 110), differ with respect to each other only in the 
voltage coafficients higher than second order. 

The sensitivity of the diode correction factor a!, to a 
CW signal versus noise at a specified dc output level Eo, 
is obtained by solving for v and a from Eqs. (107) and 
{ l l O ) ,  and substituting into (assuming high signal-to-noise 
ratios) 

a! = (;y 
This was done for the detector diodes from the Echo and 
Pioneer stations. As an example, the static voltage-current 
characteristic (Run 15 at 24.20.C) for the Echo station is 
shown with a best-fit curve in Fig. C-5. The polynomial 
eighth-order curve fit was obtained by a least-squares 

A coefficients 

0 
1 
2 
3 
4 
5 
6 
7 
8 

values 

0.56971715 X 

0.94633774 X 

0.10920516 X 

0.11652644 X 

0.10032540 X lo-? 
0.64969665 X 10-lo 
0.26946926 X 

0.618651139 X 10-15 
0.59703929 X 10-ls 

The standard deviation of the data points was 0.02017. 
Polynomial curve fits of various orders were tried to 
determine the optimum fit, as defined by the minimum 
standard deviation. The eighth-order fit was suitable, 
consistent with minimizing the number of constants to 
simphfy the solution. The terms Z and E for the curve fit 
are in microamperes and millivolts. The C coefficients 
were computed by using Eq. (104) for each output voltage 
Eo, and LY was computed from Eq. (111) with Eqs. (107) 
and (110). These computations were made with a com- 
puter. For this case, the following tabulation applies: 

This indicates a sensitivity of LY to the output level of 
approximately 0.013 dB/O.l mV for this diode at the out- 
put level of 4 mV. 
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Appendix D 

Flow Chart of the Computer Program 

44 JPL TECHNICAL REPORT 32-1066 ~ 



I 
I 

i 

JPL TECHNICAL REPORT 32- 1066 45 



I=! ,¶ti, .  . . ,I 

f J. 

Ir J. 

46 JPL TECHNICAL REPORT 32-7066 



1 I I 1 I 

["I 

JPL TECHNICAL REPORT 32- 7 066 47 



I I I 

I I I 1 

48 J P l  TECHNICAL REPORT 32- 7 066 



f lb 

JPL TECHNICAL REPORT 32- 7 066 49 



PRINT 9OtEC2 PRINT 91.E10 

50 JPL TECHNICAL REPORT 32-7066 ~ 



200 

JPL TECHNICAL REPORT 32- 1066 



D I W E N S I O N E D  V A R I A 8 L E S  

X 100 Y 1ao W 100 

52 JPL TECHNICAL REPORT 32-7066 



Nomenclature 

proportionality factor associated with the 
detector law, ratio 

precision IF attenuator resettability con- 
stant, ratio 

precision IF attenuator linearity constant, 
ratio 

receiving system nonlinearity, RF to IF, 
ratio 

nonlinearity and calibration of the variable 
attenuator in the test transmitter, ratio 

calibration of the step attenuator in the test 
transmitter, ratio 

AGC voltage indicator jitter, ratio 

antenna-to-spacecraft pointing error, ratio 

antenna aperture, m2 

ith coefficient of the power series in the ex- 
pansion of detector current in terms of the 
voltage across the detector, mhos 

constant of the best fit second-order curve 
defining the computed nominal AGC curve, 
dBmW 

average value of the GNAGC data points, V 

constant of the computed straight line fitted 
to the incident power data versus normal- 
ized time of measurement, dBmW 

test transmitter linearity constant, ratio 

equivalent noise bandwidth, Hz 

overall equivalent noise bandwidth with 
diode detector, Hz 

overall equivalent noise bandwidth with 
true rms detector, Hz 

constant of the best fit second-order curve 
defining the computed nominal AGC curve, 
dBmW/V 

constant of the computed straight line fitted 
to the incident power data versus normal- 
ized time of measurement, dBmW/day 

C effective shunt capacitance in the detector 
system equivalent circuit, F 

ith coefficient of the power series in the ex- 
pansion of detector current in terms of the 
circuit input voltage, mhos 

COR correction factor for the calibration of the 
test transmitter power levels, dB 

C, constant of the best fit second-order curve 
defining the computed nominal AGC curve, 
dBmW/(V) 

detector circuit ac input voltage, V 

output indicator response caused by a de- 
tector input of noise power alone, V 

E,,  output indicator response caused by a 
detector input of signal combined with 
noise, V 

average (detector) dc output voltage caused 
by a noise input voltage, V 

average (detector) dc output voltage caused 
by a signal input voltage, V 

frequency of the ith data point, Hz 

Ci 

e 

E ,  

(Eo) ,  

(Eo)s  

fi 

f, signal frequency, Hz 

lFl confluent hypergeometric function 

g (f,) overall normalized system gain at frequency 
f8, ratio 

G(f) 

G (f,) 

G (fo) 

overall system gain at frequency f ,  ratio 

overall system gain at frequency f,, ratio 

maximum overall system gain, ratio 

GNAGC the data points of receiver AGC voltage on 
the spacecraft, V 

AG 
G,, ations 

statistical overall receiver gain ratio fluctu- 

h radio source or spacecraft hour angle, deg 

I ,  signal current, A 

I ,  noise current, A 

k Boltzmann’s constant, .//OK 

- 
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Nomenclature (contd) 

IF attenuation in the Y-factor determina- 
tion of cy for an input consisting of noise 
power alone, ratio 

IF attenuation in the Y-factor determina- 
tion of Q for an input consisting of signal 
combined with noise, ratio 

assumed atmospheric loss at zenith, ratio 

number of data points in the determination 
of bandwidth 

number of nominal AGC curve data points; 
also, number of terms in the power series 
expansions of diode current 

number of measured Y-factors in the deter- 
mination of system temperature 

number of data points of receiver AGC volt- 
age on the spacecraft; i.e., number of 
GNAGC data points 

system noise power observed at the output 
of the narrow-band filter, W 

CW signal power observed at the output of 
the narrow-band filter, W 

spacecraft signal power defined at the re- 
ceiver input reference plane, W 

test transmitter input signal power defined 
at the receiver input reference plane, W 

calibrated spacecraft signal power incident 
on the antenna, W 

calibrated spacecraft signal power which 
would be incident on the antenna with at- 
mospheric loss removed, W 

statistical test transmitter power gain fluc- 
tuations, W 

detector system input power consisting of 
signal combined with noise, W 

detector input power consisting of noise 
power alone, W 

detector input power consisting of signal 
combined with noise, W 

the effective probable error arising from the 
summation of the error terms u3 through a,, 
ratio 

probable error of the test transmitter cali- 
bration (nominal method), dB 

probable error of the arbitrary independent 
variable x 

probable error ratio. It is an error term 
which arises from the measurement scatter 
on the Y-factors in the determination of sys- 
tem temperature, and is one of the error 
terms which contribute to the probable 
error ratio PEYao/Yao 

effective diode load resistance, ohms 

assumed radio source temperature, O K  

measured radio source temperature, O K  

ambient temperature, O K  

receiver effective noise temperature defined 
at the receiver input reference plane, OK 

system effective noise temperature defined 
at the receiver input reference plane, O K  

system effective noise temperature, defined 
at the receiver input reference plane, with 
a radio source outside the antenna beam, OK 

system effective noise temperature, defined 
at the receiver input reference plane, with 
the antenna on a radio source, OK 

rms voltage, V 

peak voltage, V 

weighting factor in the statistical determi- 
nation of the best straight line fitted to the 
incident power data versus normalized time 
of measurement, ratio 

arbitrary independent variable 

relative gain corresponding to frequency f i ,  
ratio 

measurement power ratio obtained by turn- 
ing the test transmitter off and on 

measurement power ratio obtained by 
switching between the antenna at zenith 
and the ambient load 

same as Y with a diode detector 
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Nomenclature (contd) 

YdB measurement power ratio in decibels 

Yp same as Y with a true rms detector 

Y, measurement power ratio obtained by 
switching between the antenna on a radio 
source and the ambient load 

Y2 measurement power ratio obtained by 
switching between the antenna off a radio 
source and the ambient load 

x radio source or spacecraft zenith angle, deg 

a diode detector correction factor, ratio 

p proportionality ratio of output indicator re- 
sponse under the condition E,,/E, = 1 

p' generalized proportionality ratio of output 
indicator response with detector inputs of 
signal combined with noise and noise power 
alone 

r gamma function 

6 radio source or spacecraft declination, deg 

T,I antenna eitEciency defined at the receiver 
input, ratio 

v generalized detector law 

u standard deviation 

7 post-detector time constant, s 

4 antenna latitude, deg 

(2) Program 

Program Text 
ADB 

ADBC 

ADBCR 

ADBR 

AEF 
AGC 

ALPHA 
ATT 

A1 

A3 

AS 

(Y 

NN values of received spacecraft power, cali- 
brated and normalized for 100% antenna effi- 
ciency, dBmW 
calibrated spacecraft signal power which 
would be incident on the antenna with at- 
mospheric loss removed, dBmW 
NN values of calibrated spacecraft signal 
power which would be incident on the an- 
tenna with atmospheric loss removed, ratios 
ADB expressed as ratios 

reciprocal of antenna efficiency, dB 
AGC voltage readings for the calibration of 
the test transmitter, V 
diode detector correction factor, ratio 
IF attenuator levels for the calibration of the 
test transmitter, dB 
constant of the best fit second-order curve de- 
fining the computed nominal AGC curve, 
dBmW 

average value of the GNAGC data points, 
V. This is the reference point to which the 
Y-axis is transformed 
constant of the computed straight line fitted 
to the incident power data versus normalized 
time of measurement, dBmW 
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Nomenclature (contdl 

BK 
BWL 

BWR 

B1 

B5 

CAEF 
CONST 1 
CONST 2 
CONST 3 
CONST 4 
CONST 5 

CONST 6 

k 

B 

Bl 

Boltzmann’s constant, J / O K .  

equivalent noise bandwidth of narrow-band 
filter, dB 
equivalent noise bandwidth of narrow-band 
filter, Hz 
constant of the best fit second-order curve de- 
fining the computer nominal AGC curve, 
dBmW/V 
constant of the computed straight line fitted 
to the incident power data versus normalized 
time of measurement, dBmW/day 
incident power, dBmW 
In 10/10 
10/ln 10 
0.47717 X l O - O ,  squared ratio 

(a2>2 0.6626 X lO-O, (ratio/dB)2 
1/rB ratio 

I (%y 
2.5 X squared ratio 

COR COR power correction factor, dB 
CORR heading under which the ERR differences are 

printed 
CSISE 

c 1  

D 
DAYN 
DEC 
EF 
EFF 

EFFR 
ERR 

E2 

Cl 

incident power density; received signal 
strength per m2 of antenna aperture, 
dBmW/m2 
constant of the best fit second-order curve de- 
fining the computed nominal AGC curve, 
dBmW/(V>2 
conversion factor; converts radians to deg 
day of year (calibration time) 
radio source or spacecraft declination, deg 
antenna efficiency expressed as a percentage 
antenna efficiency defined at the receiver in- 
put, ratio 
reciprocal of antenna efFiciency, ratio 
the differences between the nominal and cali- 
brated test transmitter power levels, dB 

probable error of the system temperature 
measurement, ratio 

PET8/TS 
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Nomenclature (contdl 

E4 

E5 

E6 

E7 

E8 

E9 
E 10 

ECl 

EC2 

EC3 

EC4 

EC5 

EC6 

EC7 

EC8 

FM 
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PEA2 probable error of the calibration of the test 
transmitter signal level by the microwave ther- 
mal standards method; excluding measure- 
ment scatter of data points, ratio 
probable error of the calibration of the test 
transmitter level by the microwave thermal 
standards method, ratio 

PE,,  error contribution caused by the measurement 
scatter on the nominal AGC curve, ratio 
that portion of the probable error of the nom- 
inal spacecraft power which is common to 
both nominal and microwave thermal stand- 
ards methods, ratio 
probable error of the calibrated spacecraft 
power, ratio 
probable error of the incident power, dB 
probable error of the nominal spacecraft 
power, dB 
measurement error associated with the Y- 
factors in the determination of system tem- 
perature, dB 
probable error of the computed system tem- 
perature, dB 
Y-factor error contribution to the calibration 
of the test transmitter by the microwave ther- 
mal standards method, dB 
probable error of the calibration of the test 
transmitter signal level by the microwave 
thermal standards method, excluding mea- 
surement scatter of data points, d3  
complete probable error of the calibration of 
the test transmitter by the microwave thermal 
standards method, dB 
error contribution caused by the measurement 
scatter on the nominal AGC curve, dB 
that portion of the probable error of the nom- 
inal spacecraft power which is common to 
both the nominal method and the microwave 
thermal standards method, dB 
probable error of the calibrated spacecraft 
power, dB 
minutes 



Nomenclature (contdl 

FIT 1 
FIT A2 
FNN and NN 

GFS 

GFSK 

GNAGC 

H 
HA 
I 
IDAY 

ITON 

MONTH 
NDAY 
NYEAR 

PEA1 

PEA2 

PEA3 

PEAS 

PEASR 
PEBl 

PEB5 

PECl 

PEPP 

first-order best-fit subroutine 
secondaorda best-fit subroutine 
number of data points of receiver AGC volt- 
age on the spacecraft 
overall normalized system gain at frequency 
fa,  ratio 
ratio 

data points of receiver AGC voltage on the 
spacecraft, V 
hours 
radio source or spacecraft hour angle, deg 
running index 
day of year (spacecraft power measurement 
time) 
station number 

date 

probable error of the first constant of the best 
fit second-order curve defining the computed 
nominal AGC curve, dB 
probable error of the correction factor COR, 
dB 
probable error of the average value of the 
GNAGC data points, V 
probable error of the first constant of the 
computed straight line fitted to the incident 
power data versus normalized time of mea- 
surement, dB 
PEA, expressed as a ratio 

probable error of the second constant of the 
best fit second-order curve defining the com- 
puted nominal AGC curve, dB/v 
probable error of the second constant of the 
computed straight line fitted to the incident 
power data versus normalized time of mea- 
surement, dB/day 
probable error of the third constant of the best 
fit second-order curve defining the computed 
nominal AGC curve, dB/(V>, 
weighting factor, ratio 
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Nomenclature (contdl 

PEYDBT 

PEYlT 

PHI 

PSN 

PI 

PSY 

SA2 

SIZE 

T 

TGB 

TK 
TO 
TR 
TS 

XLO 

YA 

YCC 

YDB 

YDBAV 
YDBT 

PE,, probable error of the average system temper- 
ature Y-factor, dB 

intermediate step in the computation of 
PEYDBT, dB 

YO 

YR Y 

antenna latitude, deg 

nominal test transmitter levels, dBmW 

calibrated test transmitter power levels, 
dBmW 

test transmitter step attenuator calibrations, 
dB 

antenna effective diameter, ft 

system temperature in decibels 
kT, B 

To ambient temperature, O K  

ambient temperature, OC 
receiver effective noise temperature, OK 
system effective noise temperature defined at 
the receiver input, O K  

assumed value of atmospheric loss at zenith, 
0.05 dB 
IF attenuator reference level for the measure- 
ment of T,, dB 
calibrated spacecraft signal power defined at 
the receiver input reference plane, dBmW 

measurement power ratio obtained by turning 
the test transmitter off and on, dB 
the average calibration Y-factor, dB 
average measurement power ratio obtained by 
switching between the antenna at zenith and 
the ambient load, dB 

IF attenuator levels for the measurement of 
system temperature, dB 

- 
g ( f a )  

T ,  
T.¶ 

LO 

P’,i 

YRAV 

YRT Y a o  
- 

measurement power ratio obtained by turn- 
ing the test transmitter off and on 
the average calibration Y-factor, ratio 
YDBT expressed as a ratio 
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Nomenclature (contdl 

Y1C 

Y2C 

2 

nominal value of received spacecraft power, 
dBmW 
N N  values of nominal spacecraft power corre- 
sponding to NN values of receiver AGC volt- 
age on the spacecraft, dBmW 
radio source or spacecraft zenith angle, deg 
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